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Abstract 
This thesis is an account of research into the effect of surfactants on the forces 
between surfaces. Three surfactants were examined; two cationic and one nonionic. The 
Surface Force Apparatus was used to investigate the interaction between mica surfaces 
and plasma-modified surfaces in solution. The adsorption of the hydrolyzable surfactant 
dodecylammonium chloride to mica and the interaction between layers thereof has been 
shown to be a strong function of the pH. At a pH of 5.6 the results are consistent with 
sparse adsorption of cationic surfactant to negatively charged surface sites to form a 
hydrophobic surface. At pH 8.3 neutral amine molecules adsorb into the surface layer 
causing the contact separation of the surfaces to increase. The increase in the contact 
separation and the dramatic reduction in the adhesion between the mica surf aces indicates 
the formation of a bilayer on increasing the pH to 9.5. The absence of a repulsive force at 
separations greater than 10nm indicates that the bilayer is electrically neutral at pH 10.3, 
and the subsequent appearance of a long-range non-DLVO force indicates the 
precipitation of neutral amine droplets on the surface. Measurements between mica 
surfaces in solutions of a highly charged cage surfactant show that the high charge and the 
size of the headgroup reduce the tendency to form monolayers and bilayers. 
Measurement of the forces between mica surfaces in solutions of a nonionic 
surfactant show none of the usual characteristics of surfactant adsorption. However, a 
small amount of adsorption can be inferred from secondary effects such as a slight 
reduction in the surface potential, an enhanced viscous drag at short separations and a 
reduction in the hydration force in high salt concentrations. It is proposed that both the 
reductions in potential and hydration force are due to changes in cation adsorption caused 
by the presence of surfactant at the surface. When plasma treated mica surfaces were 
employed in the same system as above there was more evidence for adsorption. Below 
the cmc the effect of surfactant is to reduce the range of the repulsive hydration force. 
However at concentrations of about twice the cmc evidence of an increased layer 
thickness is observed, and after longer equilibration a surface induced phase change 
occurs at a critical separation. 
The Atomic Force Microscope has been used to investigate surface forces between 
a colloidal silica particle and a silica substrate in the same nonionic system. In the 
absence of surfactant the interaction is characterized by a repulsive double layer repulsion 
and a repulsive hydration force. A surfactant concentration of less than the cmc causes 
the interaction to become attractive at short separations. At higher concentration forces 
corresponding to the formation of surfactant layers are observed. A model for the 
adsorption of this nonionic surfactant to silica is suggested in which the results are 
explained in terms of the adsorption of small aggregates at low concentrations which 
eventually fuse into a bilayer above the cmc. Such an adsorption scheme differs greatly 
from more "classical" pictures of surfactant adsorption. 
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Chapter 1 
Introduction 
The adsorption of surfactants to solids is an essential part of industrial processes 
such as detergency1, froth flotation2 and the dispersion of pigments in liquids.3 There 
are also areas where the adsorption of surfactant at the solid liquid interface can be a 
disadvantage, for example in tertiary oil recovery.4 
A characteristic property of surfactant is to aggregate in aqueous solution and at 
interfaces. This leads to the formation of micelles and other surfactant structures in 
aqueous solution, surface films at the liquid/gas (L/G) interface and an increase in activity 
at the solid/liquid (SIL) interface. Of these phenomena, the exact nature of the structures 
formed at the SIL interface are the least well understood. 
In aqueous solution, there are several factors which affect the adsorption of 
surfactant. The nature of the solid or substrate is clearly important. Adsorption 
isotherms vary with different surface chemistry, roughness, porosity and polarity. The 
nature of the surfactant is also very important in adsorption. The type of hydrophilic 
headgroup (charged, zwitterionic or nonionic) and its size in comparison to the 
hydrophobic moiety is of paramount importance in determining how a surfactant will 
adsorb. The length of the hydrophobic chain is important, and studies have shown that 
adsorption becomes increasingly favourable with increasing length of the hydrocarbon 
chain. The pH and temperature of the solution may also influence the adsorption. 
Rosen 1 classified adsorption mechanisms of surfactants into the following 
categories. 
1. Ion exchange: Whereby charged surfactants exchange with like-charged 
counterions adsorbed on the substrate. 
2. Ion pairing: Surfactant ions adsorb directly on oppositely charged sites on 
the surf ace. 
3. Hydrogen bonding: The surfactant hydrogen bonds to groups on the 
substrate (e.g. polyoxyethylene surfactants on silica 5). 
1 
4. Adsorption by polarization of 7t electrons: Adsorption is the result of the 
interaction of electron rich aromatic groups on the surfactant and positive 
sites on the substrate. 
5. Adsorption by dispersion forces: Ubiquitous attractive forces cause 
surfactant to adsorb and aggregate at the surface. This effect is only 
significant for surfactants of large molecular weight, but is a supplementary 
consideration in most cases of adsorption. 
6. Hydrophobic adsorption. The tendency for hydrophobic chain aggregation 
causes the surfactant to adsorb on the surface. This effect is usually 
perceived at or near the cmc (critical micelle concentration) and the best 
example of this is the formation of a bilayer at the cmc where the first layer 
adsorbs due to one of the mechanisms described above. 
Ionic surfactants generally adsorb through combinations of 1, 2 and 6 and 
nonionic surfactants through mechanisms 3-6. 
In this thesis the effect of surfactant adsorption of types 1,2,3 and 6 on surface 
forces between oxide surfaces is measured, and interpreted in terms of the types of 
adsorption. The nature of adsorption of different surfactants on different substrates is 
discussed in the appropriate chapters. 
Since the information gained in this present study was obtained from force 
measurements between surfaces bearing adsorbed surfactant layers in aqueous solution, it 
is useful to give a brief overview of the forces which operate between surfaces across 
liquids. 
These forces can conveniently be divided into the following headings: 
1 The Electrical Double-Layer Force 
n Dispersion Forces 
m Surface-Induced Structural Forces 
1v Steric Forces 
The classical theory of colloid stability is the DLVO theory (Derjaguin, Landau, 
Verwey, Overbeek)6•7 which treats the interaction between two colloidal particles in 
terms of the additivity of electrical double-layer and dispersion forces. The effect of 
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surfactant upon DLVO forces and structural forces, and whether or not it gives rise to a 
hydrophobic surface is a particular focus of this work. The other force is briefly 
described for completeness. 
1.1 Overview of Surface Forces 
1.1.1 Electrical Double-Layer Forces 
When a solid is immersed in water, which has a high dielectric constant, there is a 
tendency for its surface to become charged. The charging may take place due to the 
dissociation of charged species from the surface or the adsorption of ions from the liquid 
phase. Both the surfaces examined in this work become negatively charged in water 
above pH 4 from the former process. The charge on silica in an aqueous environment 
H20 
arises from the dissociation of silanol groups, = SiOH ~ = Sio- + Htq and is very 
dependent on the pH. The charge on mica arises from the dissociation of potassium ions 
from the basal cleavage plane, where they neutralize the charge of the alumino-silicate 
lattice. In water, most of the negative sites are reneutralized by the adsorption of 
hydrogen ions. Both surfaces can become positively charged through the adsorption of 
cations such as La3+ or cationic surfactant. 
This surface charge gives rise to an electrical field and consequently a local change 
in the solute concentration. For a negative surface the concentration of positive ions is 
locally increased and negative ions decreased. The charged surf ace and associated 
distribution of ions in the solution is known as the Electrical Double-Layer. A 
convenient, long extant view of the electrical double-layer is that of Gouy and 
Chapman8•9. The assumptions of this model are that the electrostatic potential at the 
surface is uniform (ie "smeared out") and that ions in solution behave as point charges 
which only experience the field due to the surface. The medium is assumed to behave as 
a continuum. The Gouy-Chapman description of the double-layer at a flat surface is now 
briefly derived. 
Maxwells equation gives the relationship between the electric field E(r) and p(r), 
the charge density, at point r. 
3 
VE(r) = p(r)/E 
where Eis the electrical permittivity. Also 
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{ 1.1} 
{ 1.2} 
Combining { 1.1} and { 1.2} for the case of a simple flat surface and replacing point r 
with distance from the surf ace, x 
d2 \V(X) = - p(x)/E 
d x2 { 1.3} 
p(x) is determined by assuming a Boltzmann distribution of ions. From this distribution 
law the concentration Ci at x, of an ion i of charge ziq, where q is the positive value of the 
charge on an electron and Zi is the valence, is determined by its potential energy at x, 
given by ziq 'V(x), hence 
ci(x) = Ci(00) exp {-ziq 'V(x)/kT) { 1.4} 
where Ci ( 00) is the bulk concentration of the ion (ie where the smeared out 'V = 0). So 
the local charge density is given by the sum of the ion densities. 
p(x) = LiZiq ci( 00) exp(-qzi 'V(x)/kT) { 1.5} 
Combining { 1.5} and { 1.3} yields the Poisson-Boltzmann equation. 
{ 1.6} 
For low potentials, such that mod(ziq'V) < kT the Debye - Hi.ickel approximation is 
valid, which approximates the exponential by expanding it and neglecting all but the first 
two terms. This leads to the expression: 
5 
( 1.7} 
where 
( 1.8} 
The quantity lC'" 1 has units of length, and is referred to as the screening length or Debye 
length of an electrolyte solution. 
When two like, flat surfaces with identical double-layers approach one another a 
electrical double-layer repulsion occurs as the ionic profiles in the double-layers start to 
overlap. The repulsion arises due to the osmotic pressure caused by the difference in 
electrolyte concentration with the bulk. This normal pressure must be uniform 
throughout the film. At the midplane, m, between the surfaces the net electrostatic field 
is zero, so the double-layer interaction can be calculated from IT, the osmotic pressure 
arising from the difference in ion density between the midplane and the bulk. 
( 1.9} 
Chan et al 10 have developed an algorithm for calculating exact numerical solutions to the 
Poisson-Boltzmann equation, making the calculation of the double-layer force relatively 
simple. It is this algorithm which has been used to fit measured surface forces in the 
ensuing chapters. It is usual to calculate the double-layer force for the boundary 
conditions of constant charge (where the approach of another surface does not influence 
the adsorption equilibria) and constant potential. In practice the actual double layer 
interaction usually falls between these two limits due to charge regulation. 
A good example of a double-layer interaction fitted with this theory is given in 
Figure 5.1. The surface force lies between the limits of constant charge (upper solid line) 
and constant potential (lower line). A repulsive solvation force (hydration force) 
dominates in the last few nanometres. 
Although this model of the double-layer is sufficient for the purposes of this 
work, it remains an approximation which may be quite unrealistic in some systems, 
particularly those of high electrolyte concentration where the ion size is significant. In the 
last few years a number of improvements on Poisson-Boltzmann theory have been made. 
The most sophisticated model of the double-layer is the Hyper Netted Chain (HNC) 
theory of Kjellander and Marcelja 11 and Attard et al 12 also have a model which takes 
into account ion size and image charges. Poisson Boltzmann theory agrees well with 
HNC theory for low electrolyte and low potentials, but only poorly for systems of high 
concentration, especially with multivalent ions. Doubt has also been cast on the validity 
of the decay length calculated from Poisson-Boltzmann theory, which is particularly 
significant for asymmetric electrolyte.13,14 
1.1.2 Dispersion Forces 
Dispersion Forces may also be referred to as van der Waals or London 15 forces in 
recognition of early treatments of the attractive force between molecules arising from the 
interaction of instantaneous and induced dipoles. The interaction of permanent dipoles, 
closely related to coulombic forces, also falls into this category. The force between two 
isolated molecules is always attractive but for other systems of many and differing 
molecules this may not always be so. For the case of two identical surfaces interacting 
across any medium, the force is always attractive. 
Early treatments16 made the very coarse assumption that the attraction of two 
infinite halfspaces could be calculated from the summation of the interactions between 
pairs of molecules. For this theory the interaction energy, V, between two identical 
infinite half spaces (medium 1) separated by a distance Din medium 2, has the form 
6 
V = - A121/121tD2 { 1.10} 
where A121 is a function of D where the limit as D ~ 0 is known as the Hamaker constant 
and is dependent on the nature of media 1 and 2. 
More modem and more rigorous theories which generally follow the Lifshitz17 
approach treat each medium as a continuum. The effects of retardation (ie that the 
interaction energy is reduced at larger separations since the electric field inducing dipoles 
in the other body can only propagate at the speed of light) are also included in this 
treatment. 17-19 The omly assumption of this theory (which it shares with Hamaker 
theory) is that the intervening medium has constant density up to the interface. 
The major difficulty encountered in the calculation of retarded Lifshitz theory is 
the absence of data on the dielectric response of different media. The situation becomes 
more complicated when a film is adsorbed on the surfaces and, when the medium 
between the surfaces is water, certain difficulties are encountered in treating its dielectric 
response. These problems have been addressed in references 20-23. 
1.1.3 Surface-Induced Structural Forces 
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In DL VO theory the liquid medium (usually water) between the interacting 
surfaces is treated as a continuum. At large separation of the surfaces this assumption is 
reasonable, however as the separation of the surfaces approaches the size of the 
constituent molecules it is no longer valid. The packing of the molecules is determined 
by the flatness and the separation of the surfaces. Theory predicts that as two flat walls 
interact there will be an oscillatory repulsion between them in addition to the attraction 
caused by dispersion forces, reflecting the free energy consideration of packing 
molecules together.24-27 This is also predicted by computer simulations of spheres 
between hard walls.28,29 These predictions have been thoroughly borne out by a wealth 
of measurements-between mica surfaces, using both polar and non-polar solvents. The 
first of these was performed by Hom and Israelachvili30 using a liquid consisting of 
large, approximately spherical molecules (octamethylcyclotetrasiloxane) and an 
oscillatory function decaying with distance was observed. Other measurements in 
solvents of rigid non polar molecules showed the same characteristics - at long range a 
classical van der Waals attraction and at shorter separations ( of about 8-10 molecular 
diameters) the decaying oscillations.31 •32 In n-alkanes the only difference was that the 
size of the oscillation was equal to the width of the molecule33,34 indicating that these 
molecules preferentially orientate parallel to the surfaces. 
The only difference observed when structural forces were measured in dipolar, 
nonaqueous liquids35-37 was that an electrostatic repulsion was also observed, and it 
appeared that the structural and DL VO forces were additive. The implication of this is 
that the dipolar influence on the force is negligible and that most of the structural force 
arises from hard sphere packing considerations. Such may not be the case with water, 
however, due to the size of the dipole moment in relation to the molecular size. Structural 
forces are not observed in force measurements between mica surfaces in conductivity 
water - the system shows classical DL VO behaviour. However, it is possible that they 
do exist but are not observed due to their lying in a part of the force curve which is 
inaccessible to measurement. Oscillatory forces are observed in aqueous electrolyte 
systems38 between mica surfaces but it is not obvious if they are really solvation forces 
rather than structural forces, or even whether the distinction should be made. These 
forces, known as hydration forces are now discussed. 
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Hydration forces have been reported in a wealth of systems, between mica 
surfaces,38 silica surfaces39-42 and lipid bilayers.43-47 Although it would be expected 
that this force would display oscillatory behaviour and indeed does so in some systems, 
many measurements of the total force are monotonic and it is this monotonic repulsion 
which is usually referred to as the "hydration force". It has been suggested that the 
hydration force observed between lipid bilayers may be due to steric confinement of the 
headgroups, rather than solvation forces,48 which may explain why similar forces (which 
were non-oscillatory) were observed in ethylene glycol between lecithin bilayers.49 
A short-range repulsion in addition to DL VO forces, which prevents the surfaces 
from achieving van der Waals adhesion, has been widely reported for silica.39-42 It has 
never been shown to be oscillatory, but this may be due to the inherent roughness of 
silica surfaces, which prevents the molecules from ordering satisfactorily. It appears to 
arise from the hydration of surface silanol groups and to be an inherent property of the 
silica surface in water. A typical example of a hydration force on silica is shown in 
Figure 5.1 where at small D, there is a repulsive deviation from DLVO theory. 
On mica, however, the hydration force is not observed until a specific 
concentration of cations is present in solution. This concentration varies for different 
cations, and seems to reflect their varying hydration properties.50-52 Since the force does 
not appear to be an inherent property of the mica surface, but occurs only when ions are 
bound to the surface, it is often referred to as a "secondary hydration force". The force, 
like the structural forces described in the last section, is overall repulsive and consists of 
oscillations of the order of a molecular diameter, the amplitude of which decay with 
distance. It is usually observed over a range of about 10 molecular diameters ie about 
2.5 nm. The hydration force on mica is similar to that on silica in that it is due to species 
at the surf ace being hydrated, however on mica the species are physisorbed ions whereas 
on silica they are hydroxyl groups forming part of the substrate. 
Another interesting difference is the fact that the hydration force has never been 
observed on mica when hydrogen ions are the adsorbing cation. · This has led to the 
suggestion that hydrogen ions may adsorb to mica differently to other cations, possibly 
by neutralization of sites within the mica lattice.53 
Theoretical models for the hydration force abound,51 • 54-57 and there is still 
much controversy as to whether the repulsion arises from the loss of orientational 
entropy, and the breaking of hydrogen bonds as the surf aces are forced together (a water 
specific mechanism) or to the discrete nature of the surface charge ie charge imaging (a 
continuum theory) or spatial variation of the electric field near the surface (where E varies 
as a function of the wave vector). 
The hydrophobic force is strongly attractive and occurs between surfaces which 
have a high contact angle, and consist of molecules which are in themselves 
hydrophobic, such as Langmuir-Blodgett deposited surfactant films. Its discovery is 
quite a recent affair, and its mechanism is as yet unknown, providing a forum for a great 
deal of controversy. 
The 'hydrophobic effect' 1s responsible for the tendency of amphiphilic 
molecules to aggregate into micelles and other aggregates in aqueous solution and is well 
9 
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documented58 -61 Although enthalpically the presence of hydrocarbon in water is 
favourable, the overall free energy considerations are unfavourable, due to the entropy 
loss associated with ordering water molecules into a cavity. Aggregation of 
hydrophobic moieties therefore minimises the amount of unfavourable water structure. 
The explanation of the long range attractive force between macroscopic surfaces is 
less clear. Experimental observations, by Pashley and Israelachvili62,63 and others64-74 
have shown that the range of the hydrophobic forces is much larger than what could be 
ascribed to dispersion forces and has been observed to be as long as 200 nm. 70 It would 
appear that the hydrophobic attraction can be described phenomenologically by the sum 
of two exponentials, with the steeper occuring at short separations. Although the 
mechanism of the force is as yet unknown, at least the short range component of the force 
must be related to the hydrophobic interaction between molecules and thus to structuring 
of water, justifying its classification as a "structural" force. The long range part of the 
interaction indicates that the assumption of treating the liquid medium at large separations 
as a continuum may not be valid for hydrophobic surfaces. 
Many theories on the mechanism of this force have been put forth.75-78 Those 
which rely on electrostatic interpretations 76,77 have been effectively laid to rest by the 
observation that different electrolyte concentrations do not appreciably alter the measured 
hydrophobic force. 69 If there was an electrostatic mechanism to the force, its range 
would be affected by changes in the De bye length in a similar fashion to that of the 
double-layer interaction and to a lesser extent the van der Waals attraction. It is 
conceivable that the force may arise from cavitation-like effects. Cavitation has been 
observed between fluorocarbon monolayers (and also hydrocarbon monolayers, but only 
upon separation of the surf aces). It is possible that such a mechanism, involving vapour 
formation between the surfaces, might explain the recent anomalous results between 
hydrophobic surfaces measured using the atomic force microscope, (AFM) (see heading 
next chapter), where the range of the force was variable, but far smaller than expected 
from comparing analogous systems measured with the surface force apparatus (SFA) 
(see heading next chapter).79, 80 In the AFM the mean curvature of the interacting 
surfaces was a few microns and in the SF A was of the order of a centimetre. 
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1.1.4 Steric Forces 
Another force which may be observed when two surfaces approach is a steric 
force. This is usually observed between surfaces bearing adsorbed or anchored 
polymers. If two surfaces bearing adsorbed flexible polymers interact in a good solvent 
there is a large steric repulsion due to the interaction of polymer segment on opposing 
surf aces. The use of this phenomenon in stabilising colloidal dispersions is well 
established. 81 • 82 In a bad solvent the interaction of polymer segments on opposing 
surf aces is favourable and the surfaces attract each other. Much work has been done in 
this area, as the nature of the steric force depends critically on the quality of the solvent 
and the method of attachment of the polymer. (For example an end-anchored polymer 
chain will have different steric properties to a polymer anchored by random segments, 
presenting a series of loops and chains to the solution. 83-89 
Israelachvili48 has also invoked a theory of steric repulsion to attempt to explain 
the short range repulsion between lecithin bilayers and adsorbed surfactant or lipid 
bilayers, which had previously been attributed to hydration. (See previous section .) 
1.2 Consequences of cationic surfactant adsorption 
Surfactant headgroups will tend to adsorb onto charged sites at the surface by 
standard ion adsorption kinetics. The result of this is the formation of a Stem layer, or 
partial monolayer, over which the surface potential drops quite sharply to form an 
effective surface potential at the new surface of the partial monolayer. In this work, the 
so-called Stem potential is not distinguished from the surface potential; it is merely 
assumed that the potential at the surface is reduced due to the reduction in surface charge 
associated with surfactant adsorption, and that the surface potential operates from a 
surface corresponding to the position of closest approach by an equivalent surface. No 
attempt has been made, and indeed it is unnecessary in the systems examined in the 
following chapters, to enter the treacherous waters of fitting effective capacitances to 
hazily understood partial monolayers. 
If the adsorbed area per molecule is smaller than the average chargeable site area 
on the surf ace, the surf ace charge will be neutralized at some concentration of surfactant, 
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depending on the free energy of adsorption of the surfactant. At higher concentrations, 
the surface undergoes charge reversal as surfactant cations adsorb due to the hydrophobic 
interaction of their hydrocarbon tails. Classically, this leads to the formation of a bilayer 
at around the cmc, with the potential approaching that of a micelle. When the surfactant 
adsorption is great enough that it can no longer be regarded as "gaseous" (ie. when it is 
sufficiently large to allow the hydrocarbon moieties of neighbouring molecules to interact) 
the surface takes on a hydrophobic nature. Two like surfaces will experience a strong 
attraction if this is the case, and this is an example of the hydrophobic force discussed in 
the previous section. 
It has been shown by a wealth of studies that for a smooth homogeneous surface 
like mica the picture of adsorption outlined above is quite reasonable eg references 
46,47,72,90, 91-94. However, for a rough, inhomogeneous surface it is unreasonable 
to suppose that such ordering of molecules is possible, and it is more likely that small 
regions of monolayer and subsequently bilayer will be built up.95 It is important to 
realise that the interactions between model, smooth surfaces in surfactant solutions cannot 
always be extended to predict how colloidal particles in the same solutions would interact, 
even if the charging behaviour of the surf aces are similar. 
1.3 Adsorption of cationic surfactant to oxide surfaces 
Gaudin and Fuerstenau proposed the first model of surfactant adsorption to an 
oxide surface in 1955, from considering flotation studies. 95 They assumed that the 
grinding process employed to prepare minerals for flotation would lead to a surface with 
patches of different surface energy and charging properties. They concluded that 
surfactant adsorption would be affected by this and thus would occur in patches of 
monolayer which they termed hemimicelles. They explained the reduced flotation 
efficiency at higher concentrations by the formation of a second layer with the headgroup 
towards the solution, presenting a hydrophilic surface. This model for the adsorption of 
cationic surfactant to oxides remained essentially unchallenged for many years. In 1966, 
Somasundaran and Fuerstenau96 suggested that in some circumstances the hemimicelle 
might contain surfactant molecules with their headgroups oriented towards the solution. 
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The evidence found for bilayer adsorption to a mineral surface by Scamehorn et al 
(1982)97 prompted Yeskie and Harwe1198 to model surfactant adsorption in terms of the 
adsorption of "admicelles", or bilayer patches, which would not have the effect of 
exposing large hydrophobic surfaces to the solution. Subsequently they tried to 
determine whether there were conditions such that an admicelle would form at lower 
chemical potential than that at which a hemimicelle would form, but were forced to 
conclude that although there were conditions where an admicelle would form 
simultaneously with a hemimicelle (presumably for a surfactant of zero charge!) the 
electrostatic requirements of packing the headgroups together outweighed the tendency of 
the hydrophobic effect to shield the hydrophobic surface below the cmc. An unkind 
critic might be tempted to point out that the fact that cationic surfactant solutions exhibit a 
cmc would have been evidence enough for this. They also concluded, again from 
electrostatic considerations, that the surfactant chains in the two layers of an admicelle 
would be unlikely to interpenetrate, although this would ·presumably depend on the 
bulkiness of the headgroups. (If the adsorbed area of a headgroup were larger than the 
average negative surface site area then a full monolayer might not necessarily neutralise 
the surface charge. Hence there would still be an attraction between the surface and 
surfactant molecules in the second layer. Moreover, if the headgroup were bulky in 
comparison to the hydrophobic tail it would probably be quite favourable for the chains in 
the two layers to intercalate). 
In 1987 Gao et al 99 proposed a model for the adsorption of cationic surfactants to 
silica gel involving a two step process. In the first step "gaseous adsorption" took place. 
In the second step (corresponding to most of the adsorption in the isotherm) these 
adsorbed molecules provided the nucleus for the aggregation of surfactant molecules into 
closed submicel-lar units on the surf ace, which the authors nonetheless labelled 
hemimicelles. The calculated average pore radius of the gel was 46 A, but the effect of 
such a surface geometry on the nature and shape of the aggregates was not discussed. 
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1.4 Adsorption of cationic surfactant to mica 
A great deal of work has been performed over the last 10 years in studying the 
effect of surfactant solutions in surface forces between mica surfaces.46 .47,72,90-94 
Arguably, the most comprehensive studies of surfactant solutions between mica surfaces 
have been performed by Kekicheff et al 72 and Herder et al 92 , in solutions of 
hexadecyltrimethyl-ammonium bromide (CT AB) and dodecyl ammonium (DAH+) 
chloride respectively. Both of these studies were performed as a function of 
concentration of surfactant at the natural pH of the solutions. A brief account of these 
studies is presented. Qualitatively the results were almost identical. At concentrations 
of about .001 cmc the only effect of surfactant was to reduce the double-layer component 
of the force. This concentration is so small (:::::: 10-6 M) that there is no measurable change 
in the decay length of the force. A further 2 or 3 fold increase in the concentration 
caused the surface charge to be completely neutralised. The surfaces no longer attained 
molecular contact, but jumped in (due to a combination of van der Waals and 
hydrophobic forces) to contact at a force wall which corresponded to between one third 
and one half of the extended length of the surfactant molecule. The adhesion between the 
surfaces increased. (In the case of CT AB the adhesion was maximised at this 
concentration whereas with DAH+ the adhesion continued to increase over the next 
concentration range). Over the concentration range .003 cmc to 0.1 cmc the double layer 
interaction increased, indicating that the surface charge became overcompensated by 
adsorption of charged surfactant molecules. The thickness of the adsorbed layer on each 
surface increased to 70-80% of the length of the extended molecule. The attractive 
jump-in (a phenomenon which occurs when the spring becomes unstable under a strongly 
attractive force, see Chapter 2) was larger than could be predicted by DL VO theory 
indicating that a -hydrophobic attraction was also in operation. The fact that for the 
CT AB solutions the adhesion decreased slightly indicates that some of the CT A+ 
molecules were adsorbed with the headgroup towards the solution. At a concentration of 
half the cmc the attractive jump-in disappeared and the layer thickness increased to a value 
which was none the less significantly smaller than twice the molecular length. The 
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observed surface potentials at this point were extremely high ( +180m V for CT AB and 
+220mV for DAH+) corresponding to an area per charge of approximately 1 nm2. 
In both cases the results were discussed in terms of the surfactant adsorption 
model discussed earlier. At low concentrations the surface was neutralized by "gaseous" 
adsorption of surfactant by charge neutralisation. Adsorption then increased by 
cooperative hydrophobic aggregation, reducing the area of hydrocarbon exposed to the 
solution, to form a a hydrophobic monolayer. (As mica is a smooth, homogeneous 
surface the "hemimicelle" of Gaudin and Fuerstenau becomes essentially infinite). Then, 
at some concentration, the cbc or critical bilayer concentration, a bilayer forms on the 
surface. The thickness of the bilayer indicates that the molecules are not fully extended 
and oriented parallel, but slightly compressed or tilted, indicating that the headgroup 
repulsion is too large to facilitate a closely packed structure. 
The cbc is presumably related to the cmc but occurs at a lower concentration as the 
electrostatic hindrance to the formation of a closed structure is reduced by the negative 
charge on the surface neutralizing some of the surfactant. Also the entropy loss per 
molecule is approximately halved as half the structure is effectively "glued". Double 
chained surfactants adsorb readily to mica as the extra hydrocarbon area assists the 
cooperative adsorption process.90 However, they tend to be only sparingly soluble or to 
form vesicular structures at low concentrations of surfactant, depending on the 
anion.100-104 Thus the monomer (or in some cases dimer) concentration is quite low and 
equilibrium adsorption may be a lengthy process. 
1.5 Adsorption of Nonionic Surfactants 
The adsorption of ionic surfactants to solid surfaces from aqueous solution 
depends, in general, upon electrostatic attachment of the headgroups to surface sites, 
supported by a favourable reduction in hydrophobic tail - water contact. In systems of 
nonionic surfactants the adsorption mechanism is less well defined. For surfactants of 
the polyoxyethylene alkyl ether type (and related species) the adsorption mechanism 
seems quite well understood for substrates with the capacity for hydrogen bonding such 
as silica.5,105-108 The ether groups hydrogen bond to silanol groups presenting the 
16 
hydrophobic tail towards the solution, and, at higher concentration, hydrophobic 
association occurs. The adsorption of nonionics to hydrophobic surfaces is also well 
characterised. The hydrophobic tail points towards the surface with the headgroup in the 
solution. This has been studied both by direct surface force measurements109 and by 
monitoring the decrease in bulk concentration in a dispersion of the hydrophobic 
substrate.110-112 On surfaces which are neither hydrophobic nor hydrogen bonding it is 
not obvious whether or not adsorption will occur and, if so, under what conditions and in 
what orientation the surfactant will adsorb. The adsorption of nonionic surfactant to 
silver iodide has been explained in terms of a multilayer adsorption at about the cmc 113 
and it was observed that it had the effect of reducing the adsorption of highly charged 
ions to the surface, thus stabilising Agl colloids to flocculation by these agents. A 
similar adsorption was observed for the adsorption of polyoxyethylene surfactant on a 
charged mercury interface. Once more, at about the cmc, multilayer adsorption seemed 
to occur and it appeared that if the surface was positively charged the alkyl chains were 
preferentially adsorbed at the mercury surface, whereas for a negatively charged interface 
the oxyethylene chains adsorbed 114. 
Nonionics are of interest in both mineral flotation 115 and for oil recovery 116, 117 
although they are susceptible to salting out effects in solution and their phase behaviour is 
extremely temperature dependent. A characteristic feature is the occurrence of a closed 
miscibility gap in the micellar phase.118• 119 The temperature (cloud point) at which a 
two-phase region first appears is dependent on the relative sizes of the headgroup and tail. 
1.6 The adsorption of polyoxyethylene surfactant to silica 
The adsorption of polyoxyethylene nonionic surfactant to silica has been the 
subject of much attention in the literature.5,105-108,120-125 The main industrial application 
of this type of surfactant is in the area of detergency, although they are also used for 
stabilising dispersions and have been investigated for use as flotation agents and tertiary 
oil recovery agents. A great deal of debate surrounds the mechanism of adsorption of the 
surfactant to the silica surface and the nature of the surface aggregate so formed. The 
very steepness of adsorption isotherms of nonionics on silica 126, and their proximity to 
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the cmc implies that the adsorption talces place largely by an aggregation process rather 
than by a surface site binding mechanism. However, early views were that the 
adsorption process followed a very similar path to ionic surfactant adsorption ie initial 
adsorption of monomers, then hydrophobic association and finally the formation of a 
bilayer near the cmc (critical micelle concentration) with the hydrocarbon tails intercalating 
due to the large size of the headgroup.5•105,106•108 More recently this approach has been 
questioned and many techniques have since been employed to infer the structure of the 
so-called "solloid" (a surface aggregate of adsorbed surfactant or polymer).127 Some of 
these are summarised briefly here. 
Levitz et al 120 used fluorescence decay of pyrene with TXl00 and 101 on 
spherosil and determined that at low coverages the adsorption was of a micellar nature but 
that at high coverages steric interactions caused the micelles to coalesce, forming a single, 
continuous bilayer-like structure. Lee et al, using neutron reflection, 121 and 
hexaoxyethylene dodecyl ether (C12E6) on quartz proposed a similar scheme where 
"defective bilayers" at low coverage fused into full bilayers at high coverage with .a 
hydrocarbon layer thickness of a single alkyl chain. In subsequent work Cummins et 
a/123 investigated the adsorption of C12E6 to a ludox TM silica sol using SANS (small 
angle neutron scattering). At very low coverages their results were inconclusive but 
above a certain (low) coverage value they observed that the adsorbate thickness remained 
constant with increasing coverage. They proposed that the adsorption took place as 
"islands" of bilayers, which never attained better than 75% coverage (at very low 
coverages the adsorbate thickness was probably lower). 
Gu et al 122 through a kinetic treatment of adsorption isotherms on both narrow 
and wide pore silica using TXl00 propose that adsorption occurs by a single step 
cooperative formation of aggregates on the surface, an average aggregation number of 
which may be determined from the adsorption isotherm, and that there is no initial 
monomeric "nucleation". 
Possibly some of the apparent conflicts in the literature may be explained by the 
work of Lindheimer et al, who used a modern microcalorimetric technique. 125 From 
their study of the adsorption of a range of commercial polyoxyethylene alkyl ethers on 
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spherosil silica they propose an adsorption scheme involving a four stage process. The 
first stage is a "nucleation stage" whereby individual monomers adsorb on silanol groups 
through hydrogen bonding. This is closely followed by a hydrophobic association, 
giving rise to a hydrophobic surface. However as the concentration is raised further, 
but to a concentration corresponding to far less than 50% of maximum adsorption, the 
surface takes on a hydrophilic surface again due to the formation of preaggregates similar 
to those in the bulk. At maximum coverage the surface aggregate is equivalent to that of 
the bulk. This work appeared to be in agreement with the contact angle work of Gonzalez 
et al 124 on quartz using TXlOO in terms of the observation of a hydrophobic- hydrophilic 
transition at low-medium coverage. 
1.7 The adsorption of nonionic surfactants to mica 
Very little work has been done in this area. C. Herder74•128 has measured surface 
forces in the presence of DDPO (dodecyl dimethyl phosphine oxide) and DDAO (dodecyl 
dimethyl ami!Je oxide) which are considered nonionic surfactant. However, DDAO 
molecules are slightly protonated at acidic/neutral pH and so follow the adsorption 
mechanism of a cationic surfactant as discussed earlier. (In fact the adsorption is 
probably most similar to adsorption in the dodecyl amine/dodecyl ammonium ion system 
at pHs of 8 - 10 where only a few of the surfactant molecules bear a charge. This system 
is examined at length in Chapter 3). DDPO however displayed very different behaviour. 
Although there was some reduction in the double layer force at small separation, the pull-
off force was reduced as a layer (approximately 0.4 - 0.5 nm per surface) adsorbed. At a 
higher concentration the surf aces came in to a contact position corresponding to 
monolayer adsorption but there was no hydrophobic attraction and the pull-off force was 
further reduced. ·This was interpreted in the following way. At low concentrations the 
surfactant molecules adsorbed weakly, lying down on the surface. At higher 
concentrations some sort of monolayer formed, but since there is no hydrophobic 
attraction and no hydration repulsion, it was concluded that some of the headgroups of 
the adsorbed surfactant pointed towards the surface and some towards the solution. The 
expression "intercalated monolayer" was avoided as the author did not wish to convey the 
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impression of a highly ordered film. At higher concentrations a second, similar layer 
adsorbed on top of the first. 
It has been shown 129 that a very large, polydisperse surfactant (octyl phenyl 
poly(-40) oxyethylene ) can be made to adsorb to mica from micellar solution under 
conditions of very high salt (0. lM KN03). The adsorption mechanism in such a 
system, however, is likely to be a precipitation effect due to salting out of the 
polyoxyethylene chain, combined with dispersion forces between the surface and a large 
molecule or micelle. It remains to be seen what would happen in lower salt conditions 
and with lower molecular weight surfactants. 
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Chapter 2 
Experimental Techniques 
In this chapter the different experimental techniques employed in obtaining the 
results described in Chapters 3 to 7 are outlined. Experimental conditions, materials, 
water purification and sample preparations are also described. 
2.1 The Surface Force Apparatus 
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The surface force apparatus is a triumph of 19th century physics. The surface 
force as a function of separation can be determined by a combination of mechanical and 
interferometric techniques. The earliest models were produced in Cambridge by Tabor 
and Winterton 1•2 and Israelachvili and Tabor3. They were limited to studying the van der 
Waals interaction of mica surfaces across gas. The Mark I Surface Force Apparatus 
(MK.I SFA) was developed by lsraelachvili4 in 1978 and used the same general principles 
as its predecessors, with the important difference that it had been adapted to measure the 
surface force between mica surfaces across liquids. Subsequently, the apparatus 
underwent several refinements, culminating in the Mark N SF A 5. (Figure 2.1 ). 
The apparatus is capable of measuring separations from several microns to 
molecular contact, with a precision as small as 0.2 nm, and forces as small as 100 nN. 
The technique relies on a precise knowledge of the surface geometry and for this reason 
mica surf aces are the preferred substrate due to the fact that they are molecularly smooth 
over large areas, although recently other surfaces have been employed, for example 
silica, 6 metals, 7 sapphire8 and plasma modified mica. 9 
The mica is cleaved into areas of a few square centimetres having the same 
thickness. The interference colour of the mica can be used to determine that the mica 
sheet is of uniform thickness. Typically the mica thickness required is about 2 µm. The 
path difference between light reflected off the upper surface and light which propagates 
through the upper surf ace but is reflected from the lower surf ace is of the order of the 
wavelength of visible light and this gives rise to constructive interference of certain 
wavelengths and destructive interference of others. 
Piezoelectric 
Crystal PZT4-32 
Figure 2.1 
Fringes 
(Directed to 
Spectrometer) 
Light 
The Surface Force Apparatus Mark IV 
Double Cantilever 
Leaf Spring 
Shaft 
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Hence the mica sheet appears coloured, with thinner sheets having more intense colour. 
If there is a change in colour, or a change in intensity across a mica sheet then it is not of 
uniform thickness. The sheets are then cut into smaller sheets of about 1 cm2, using a 
platinum wire of thickness approximately 0.03 cm. The wire is mounted on an x-y 
translation stage and a current is passed through it, heating it to yellow heat. It is a 
requirement of the interferometric technique that the mica sheets be of the same thickness, 
so for each experiment mica sheets from the same cut must be used. The freshly cut mica 
sheets are immediately placed on a 'backing sheet'; a large mica crystal, freshly cleaved, 
to which the cut mica sheets adhere strongly, thus protecting one face from 
contamination. A silver film of approximately 53 nm is then evaporated on to the 
exposed surfaces of the mica sheet. Immediately prior to each experiment the mica 
surfaces are peeled off the backing sheet and glued to optically polished silica discs of 
cylindrical curvature, with the unsilvered face exposed. 
The discs are then mounted in the apparatus with the cylindrical axes at right 
angles, giving a "crossed cylinder" geometry. This geometry i~ preferred to a flat-on-flat 
geometry as the perfect alignment of the surfaces which would be required for the latter is 
unnecessary. It is also superior to a sphere-on-flat geometry, as the surfaces can be 
moved relative to one another to obtain different contact positions (there is only one point 
on a spherical surface which can be used) In addition, a flat sheet could not easily be 
glued to a spherical surface. The Derjaguin approximation10 relates the force (Fe) 
measured between crossed cylinders to the interaction free energy per unit are Ef between 
two equivalent flat surfaces. 
FJR = 21tEf { 2.1} 
where R is the mean radius of curvature. 
The upper surface is mounted on a piezoelectric crystal and the lower on a double 
cantilever spring of known spring constant, k. The spring is attached to a shaft which 
can be moved by the action of either of two external motors attached to micrometer shafts. 
One of these is used for coarse adjustment of the surface separation (in the 
millimetre to 100 nm range). 
Appearance of fringes in the spectrometer close to contact (::: 10nm) 
The birefringence of mica causes the fringe to appear as a doublet. 
0 
An-1 
Appearance of the fringes in the spectrometer in adhesive contact. 
The flattening arises from the compression of the glue used to attach the 
surf aces to the polished silica discs. 
Figure 2.2 
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The other has its motion reduced through the action of a weak helical spring on a double 
cantilever spring (MK I, II) or a flexure hinge (MK IV). This can be used for fine control 
of the surfaces in the 1 nm to 1 µm range. The finest adjustment can be made with the 
piezoelectric crystal which expands approximately 1 nmN and can be used to control 
separation to ::::0.1 nm in the presence of a surface force. After mounting the surfaces, the 
apparatus can then be sealed and filled with liquid or vapour. 
The silvered mica surf aces form a symmetrical three-layer interferometer with the 
intervening medium. When white light is shone on the lower surface, only certain 
wavelengths pass through, (those with wavelengths which are an integral fraction of the 
optical distance between the silver layers) to be directed into a spectrometer by a system 
of prisms, where they appear as "fringes of equal chromatic order" .11 Due to the 
geometry of the surfaces the fringes appear as halves of an ellipse (Figure 2.2.), but they 
can be approximated as parabolic to calculate Ras done in Figure 2.3. They also appear 
as doublets, due to the birefringence of mica, but this can be avoided by cutting the mica 
sheets parallel and gluing each of them to the disc parallel to the axis of the cylinder. In 
this way the intensity of the fringe is doubled, which can improve measurement 
accuracy, as a smaller spectrometer slit can be used, causing the fringe to appear less 
broad. However it can also lead to a broadening of the fringe due to imperfect alignment 
which can detract from measurement accuracy. The wavelengths of the fringes are 
calculated from their positions relative to some standard wavelength. Typically the 
mercury green and inner yellow lines are used, at 546.075 nm and 576.959 nm 
respectively. 
The distance between the surf aces can then be calculated from the following 
equation12 
tan(21tµD/A) = 2µ sin(n1t ~A/A) 
(1 + µ2) cos(n1t ~A/A)+ (µ2- 1) {2.2} 
where 
D = surface separation 
µ=the refractive index of the medium 
µ = µdµ where µm is the refractive index of mica 
A= the wavelength of the nth fringe at D 
t{).., = A. - A. 0 where A. 0 is the wavelength of the nth fringe at molecular 
contact of the mica. 
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n = the fringe number or fringe order ( = the number of antinodes in the 
standing wave), which can be calculated if A.~_ 1, the wavelength of the n-1 th fringe at 
molecular contact, is measured. The reference wavelengths A.0 and A.~- 1 are determined 
when the surfaces are in adhesive contact, either in air or in water before the addition of 
surfactant or electrolyte. In the denominator of the R.H.S. of equation 2.2. '+' is used if 
n is odd and ' - ' is used if n is even. Thus the wavelength shifts of odd and even order 
fringes are different, and this can be used to calculate the refractive index of the medium, 
if necessary. 
The surface force is calculated from the deflection of the double cantilever leaf 
spnng. The response of the surf aces to an expansion of the piezo electric crystal is 
calculated in the absence of a surface force (ie at a separation beyond the range of any 
surface forces). If the separation is measured as D1 and a voltage VA is applied to the 
piezo, the surf ace move to a new position D2. The response, JR = Di~ AD2. 
When the surfaces enter a force regime the leaf spring deflects. If the surf aces are 
moved from D2 (outside the force regime) to D3 (in the force regime) by applying a 
voltage VB, then 
{2.3} 
where x is the deflection of the leaf spring which is negative for a repulsive force and 
positive for an attractive force. The force is then calculated from Hookes law such that 
F = -kx. {2.4} 
In general F is normalised by R, the mean radius of curvature, as the resultant 
property is proportional to the interaction energy between equivalent flat surf aces 
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(equation 2.1) which is independent of the particular geometry of the experiment. R can 
be calculated as shown in Figure 2.3 . 
However this technique for calculating the force can only be used when the forces 
are repulsive or weakly attractive. When the force is attractive the gradient of the force 
law may exceed the spring contact (ie (dF/c)D) > k) and if this occurs the spring becomes 
unstable and jumps to a smaller D, such that D is mechanically stable. The depth of an 
attractive minimum can be measured by applying a separating motion to the shaft or a 
separating voltage to the piezo. Once again, when the gradient exceeds the spring 
constant the surface_s will jump to a position of mechanical stability. In this case the 
surface jumps out and the length of the jump can be used in Hookes equation (2.3) to 
calculate the force. If the attractive minimum corresponds to molecular contact then the 
force so measured is usually denoted F(O)/R and referred to as the pull-off force. The 
pull-off force is a useful measure of the adhesion. It is related to the surface energy, y, 
by 
F(O)/R = U"/ {2.5} 
where a is between 31t (for elastically deforming surfaces) and 41t (undeforming 
surfaces). 13-16 Usually a= 41t has been used for mica surfaces, although this is often 
erroneous . Deformation may occur due to the softness of the glue used to attach the mica 
surf aces to the silica discs, and in such cases a = 31t is a better approximation. 
The crossed cylinder geometry can be approximated as a sphere on a flat 
(equation 2.1) 
i R-x 
.. + 
0.5 y 
The nth fringe appears like this in the spectrometer, and x and y may be 
measured. D can be calculated from equation 2.2. 
Figure 2.3 
y 
2 2 2 From Pythagoras' theorem R = (y/2) + (R-x) 
2 2 
Hence 2Rx = x + y /4 
x
2 is small compared to y 2 and Rx so can be 
disregarded. 
2 Thus R::::: y /8x 
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2.2 The Atomic Force Microscope 
The Atomic Force microscope (AFM) is a development of the Scanning 
Tunnelling Microscope (STM) which Binnig and Rohrer designed in 1982.17 The STM 
was designed to measure electron density on the atomic scale and surface topography, 
which it does by scanning a fine conducting tip across a conducting sample. Constant 
displacement is achieved by maintaining a constant tunnelling current (which is very 
sensitive to changes in separation) between the tip and sample, using a feedback system 
in series with a piezo-electric crystal on which the tip is mounted. The variation in piezo 
voltage then corresponds to variation in the surface topography. 
In 1986 Binnig, Gerber and Quate developed the AFM18 which was capable of 
producing the same kind of surface topography data for nonconducting surfaces. In 
terms of its mechanism the AFM is the same as the STM except in its means of 
determining constant separation of the surf aces. In place of a constant tunnelling current 
a constant force is used. This is determined by preserving constant deflection of a 
cantilever on which the tip is mounted and there are several ways of monitoring this. 19-29 
The AFM which is used in this work is a commercial instrument supplied by 
Nanoscope which uses a light-lever based feedback system.21 By this technique it is 
also possible to measure the force profile as a function of separation. Instead of using 
the piezo-electric crystal in feedback mode to preserve constant separation, it is used to 
drive the surfaces together, and the resulting deflection of the cantilever can be 
determined. Ducker et al have developed the technique of measuring surface forces 
between a colloidal sized silica particle and a silica substrate30·31 and this technique 
(which is employed in obtaining the results for Chapter 5) is briefly outlined here. A 
schematic diagram of the instrument is shown in Figure 2.4. 
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Figure 2.4 
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• laser 
I 
Piezo 
A schematic diagram of the Atomic Force Microscope used to obtain the results in 
Chapter 5. A laser is directed onto the tip of a cantilever which reflects onto a split photo 
diode. As the cantilever deflects the reflected beam moves across the split diode and the 
relative strength of the signals from each diode changes. Thus a measure of the the 
deflection of the cantilever is obtained from which the force can be calculated. The 
distance is controlled by a piezo-electric crystal on which the lower surface is mounted. 
The change in surface separation is given by the sum of the piezo expansion and the 
spring deflection. 
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2.2.1 Force Measurements 
Force measurements are performed by determining the deflection of the cantilever 
which, as the spring constant is known, gives the force, via Hooke's Law. The 
cantilever deflection is monitored by a photodiode pair onto which laser light is reflected 
from the back of the cantilever tip. As the cantilever deflects, the light is reflected through 
a different angle, and the relative amount of light on the two diodes changes. This form 
of position sensitive detection owes its high resolution to the large optical path length of 
the laser beam, relative to the cantilever length. The separation of the surfaces is altered 
by moving the flat silica substrate relative to the cantilever using a piezo-electric crystal. 
Zero force is taken as the regime where there is no change in deflection as the 
separation is altered. Zero separation is inferred from the high force regime where the 
deflection becomes linear with expansion of the piezo-electric crystal. In this region, 
expansion of the piezo only leads to deflection of the cantilever, indicating that the 
surfaces are in contact. This regime is referred to as "constant compliance" and is not 
necessarily silica-silica contact if there is a strongly adsorbed layer. 
The gradient, Q, of the diode response,ID, with the "piezo" expansion at constant 
compliance also calibrates the deflection of the cantilever in terms of force. Since the 
expansion of the piezo is approximately linear with voltage, Q can be written 
Q = ~ID/& 
ie ~ID= Q&. 
However, from Hookes Law {2.4}, ~ = -~x so, 
~ID = -(Q/k)~ {2.6} 
The nanoscope software produces a "pixel by pixel" screen file of the diode 
response as a function of piezo expansion (Figure 2.5) and the analysis of this file gives 
force versus distance curves. As a result of this technique there is a certain digitization 
error, which is highlighted in Figure 5.5. In the other force curves in Chapter 5 the data 
has been "packed" by averaging every 3 points determined from the screen file. A more 
detailed explanation of the force measuring technique31 is given by Ducker et al. 
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Figure 2.5 
Typical screen file obtained from the N anoscope AFM. The vertical axis 
is the response (in volts) of the split photodiode and the horizontal axis can 
be read as piezo voltage or distance, since the piezo expansion is linear with 
applied voltage. The region of constant compliance is marked "C" and the 
region of zero force is marked "Z". The surfaces initially undergo a double 
layer repulsion over the region "R" and then experience an attractive jump into 
constant compliance at point "J". On the outward run the surfaces adhere 
before jumping out at "O" to a point such that they are still within the range of 
the double layer _repulsion. 
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As described in the section on the SFA the cantilever is subject to mechanical 
instability. Thus, when the gradient of the force exceeds the spring constant of the 
cantilever, the spring jumps in or out to a position of mechanical stability. The recorded 
signal in the region of the jump is a meaningless artefact and is therefore discarded in the 
calculation of force. Once again, as for the SF A the jump-out can be used to calculate the 
pull-off force and thus the adhesion. Thus, the longer the jump out, the greater the 
strength of the adhesion. The surface energy can be obtained from equation { 2.5} using 
a. = 41t. A certain error is incurred in the measurement of outward jumps due to the 
"roll" of the surface prior to jumping. This arises from the use of a single cantilever 
spring, and is a phenomenon which could be almost completely avoided by the use of a 
double cantilever as in the SFA.32, 33 
2.2.2 Sample preparation 
The surface force measurements in Chapter 5 were performed between silica-glass 
spheres (Polysciences Inc. Warrington, PA, USA) and a silica substrate made by 
oxidizing a polished silicon wafer to a depth of 35 nm in purified oxygen at 920 °C. 
Before mounting in the AFM, both surfaces were exposed to a water plasma (l0W at a 
water vapour pressure of 50 mtorr for 30 seconds) to clean them and to ensure a high 
density of surface silanol groups.9 
The silica spheres were attached to microf abricated AFM cantilevers (V-shaped 
single cantilever springs with integrated silicon nitride tip, Park Scientific, Mountain 
View, CA, USA) using the epoxy resin Epikote 1004 (Shell). The cantilevers have a 
spring constant of 0.58 Nim (Manufacturers specifications). The resin was applied using 
a thin copper wire on a heating stage under an optical microscope and the sphere was 
positioned using another clean wire. On removal from the stage the resin froze. Care 
was taken not to coat the sphere or the reflective gold coating of the cantilever. The 
sphere attached to a cantilever is henceforth referred to as a "colloid probe". Plates 1 and 
2 show SEM images of a colloid probe used in one of these experiments. A more 
detailed account of colloid probe preparation is given by Ducker et al .31 
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The maximum peak-to-peak roughness of the spheres is 3 nm.31 AFM imaging 
of the silica substrate indicates that the highest asperities were 0.7 nm above mean height 
with a standard deviation of 0.2 nm.31 
2.3 ESCA 
The technique of Electron Spectroscopy for Chemical Analysis (ESCA) also 
known as X-ray Photoelectron Spectroscopy (XPS) is a relatively new technique, very 
useful for the analysis of surfaces. When soft X-rays (typically Al Ka, 1486.6eV) 
strike a solid, photoelectrons of kinetic energy Eke are emitted if the binding energy Eb 
of the electrons is lower than the energy of the incident X-rays, hv. 
{2.7} 
where 0 is an instrumental parameter. Electrons in a particular energy level of a 
particular atom have a characteristic Eb and so, from the relative peak heights of electrons 
of different kinetic energies, it is possible to determine the relative quantities of the atoms 
present. (Factors like the oxidation state and charge of the atom affect the binding energy 
of the electrons, and thus the oxidation state of an element or the relative amounts of an 
element in different oxidation states may also be determined.) The depth from which a 
photoelectron may escape the sample is variable and depends both on the nature of the 
sample (e.g. density, crystallinity etc) and the kinetic energy of the electron. Since the 
intensity of electrons in any given medium decays exponentially with distance, the decay 
constant of this function is used as a measure of the distance an electron travels in the 
medium and is termed the electronic "mean free path", A(E). A typical value for A is 3.0 
nm for electrons · of E:::::l0OOeV, which means that ::::: 95% of the measured signal 
originates from the first 9.0 nm. It is this which makes ESCA such a surface sensitive 
technique. (Compare this sampling depth to the area on which the X-rays impinge, 
which is of the order of several mm2.) 
One of the factors contributing to the inaccuracy of the ESCA technique is the 
uncertainty surrounding the dependence of the mean free path on the energy of the 
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electron. When the peaks being compared are of similar kinetic energy this dependence 
can be ignored, however it becomes significant when the peaks compared are widely 
separated on the energy axis. In this work the sodium peak (at approximately 410 e V) is 
being compared to the potassium peak at about 1190 eV. In this case uncertainty in the 
dependence of A on E becomes quite significant. Theoretical predictions34 give the 
relation as A oc E0.5, however experimental work points to the relation A oc E0.7 as being 
more realistic35. It is this relation which is employed here. 
The measured intensity of photoelectrons in a sample is dependent on many 
factors. An element j in an homogeneous sample emits photoelectrons of kinetic energy 
Ej, causing a current of photoelectrons Ij to be set up. Ij is then dependent on the 
following factors, both physical and instrumental . 
{2.8} 
where x is the distance from the surf ace, D(Ej) is the detection efficiency for an electron 
of kinetic energy Ej, Lj(y) is the angular asymmetry of photoelectron emission which is 
dependent on both atomic and spectrometer considerations. T is the analyzer 
transmission, G(J) is a function of the X-ray line flux J, A is the analyzed area, crj the 
atomic cross section for photoelectron emission, nj(x) is the number density of atoms, 0 
is the angle between the surface and the electrons reaching the detector, y the angle 
between the X-ray current and the emitted photoelectrons and Yj is the efficiency of the 
photoelectron process. 
Since it is difficult to evaluate many of these parameters the relative intensities are 
always used for calculating nj(x). 
Now if the ions are in a single layer at the surface Equation {2.8} can be 
integrated to give 
N · I · 
_J = J 
A D(Ej) Lj(y)T(Ej) Yj G(J) A crj(hv) A(Ej) sin0 {2.9} 
Claesson et al 36 have developed a technique for determining ion adsorption to 
the mica surface. When mica is cleaved along its basal plane the counterions on the lattice 
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stay on the surfaces. These counterions are approximately 95% potassium and 5% 
sodium. When immersed in aqueous solution the counterions exchange with the 
hydrogen ions and cations of the aqueous solution. By measuring the sodium and 
potassium signal before and after immersion in acidic solution they determined, F, the 
ratio between the signal due to potassium ions adsorbed on the outer, exterior surface and 
that due to potassium ions within the bulk. 
Now 
F = ~I 
IK(l + R) { 2.10} 
where ~I is the signal for a full layer of bound surface potassium ions, IK is the bulk 
contribution to the signal and R is a factor which takes the sodium content into account. 
It is known from the mica structure that the surface site density (i.e. the number of 
exchangeable Na+ and K+ ions) is 2.1 x 1014/cm2 so 
~NNa + ~NK = 2 1 X 1014 
A A . { 2.11} 
Considering a fully undissociated layer of potassium ions in equation { 2.9} gives 
NK + NNa = AfK (1 + R) 
A A D(EK) LK(y)A T(EK) 0-K (hv) G(J) Y K 
=2.lx1014 { 2.12} 
Combining { 2.12} with { 2.10} it follows that 
FIK = 2.1 X 1014 
D(EK) LK(Y) A T(EK) 0-K (hv) G(J) YK { 2.13} 
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If the X-ray flux and area are constant between measurements (a reasonable assumption if 
the measurements are performed as quickly as possible) and if D(EK) and YK = D(Ej) 
and Yj respectively then for element j, 
Nj = Ij LK(Y) Ej 0-K(hv).2· 1 x 1014 
A lK Lj(y) EK O"j (hv) . F { 2.14} 
Fortunately, elemental sensitivity factors can be defined which sweep many of these 
incalculable functions under a single carpet. These sensitivity factors can only be used in 
relative quantification and are usually defined relative to the F(ls) sensitivity factor taken 
as 1.0. The most widely quoted sensitivity factors are those compiled by Wagner37,38 
and these values have been used here. 
The sensitivity factor S is defined as 
S j = D(Ej)Lj(y)T(Ej) Yj G(J) A crj(hv) A(Ej) sin0j { 2.15} 
So if 0 = 90° {2.13} becomes 
Nj = IjSKAk . 2· 1 x 1014 
A IKS j "--K F { 2.16} 
The only unknowns here are the mean free paths which can be estimated from the relation 
A a. E0·7. This uncertainty only becomes significant when comparing peaks of grossly 
differing energies. 
In measuring the adsorption of ions to a surf ace as a function of concentration, 
one other problem may be encountered. At high concentrations of electrolyte, small 
crystals as well as adsorbed ions may be left on the surface since the technique for 
removing excess electrolyte, explained below, is not perfect.39 The ions in these crystals 
may give an artificially high measurement of the amount of adsorbate. However, if the 
anion can also be detected by the ESCA technique then the amount of crystalline material 
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can be calculated, and accounted for in the adsorbed ion density. Icxline has a relatively 
high sensitivity factor and for this reason was chosen as the anion. 
The samples were prepared by placing small(::: lcm2) mica samples (all from the 
same mica crystal) in the solution for three days. Then each sample was rapidly removed 
and dipped in three beakers containing dried acetone, before being blown dry. This was 
done to remove excess solution and surfactant. 
2.4 Plasma Treatment 
A cold plasma is achieved by applying a strong radiofrequency (Rt) electric field 
to a gas at low pressure. At some point electrical discharge occurs and the gas becomes 
a complex mixture of electrons, ions, radicals, atoms and molecules (ground state and 
excited). Most of these species are highly reactive due to their high energy and so tend to 
modify a surface which is exposed to them. This effect may be used to clean the surf ace, 
or used to add new chemical sites. Parker has previously utilised the plasma technique to 
modify mica so that functional groups may be added.9.4° It is also possible to 
polymerise a film on the surface, which may be attached physically or chemically.41 -43 
The different reactions which occur at a surface are outlined in Figure 2.6. The 
process is dictated by the power applied to the Rf field, the pressure of gas in the reactor 
and the gas flow rate. The dimensions of the reactor also influence the reaction. It is 
not yet possible to reproduce conditions precisely in different reactors although the 
definition of a "power density", p, has gone some way towards standardizing these 
systems. 
The power density is defined as 
p = W/F.M { 2.17} 
where W is the power applied to the system, F is the flow rate and M is the molecular 
weight of the gas molecules. 
The surface of silica usually consists of silanol groups, whereas mica has no 
such reactive sites. However, the mica surface can be rendered silica-like by adding 
hydroxy groups using a plasma process. 
Incident 
Plasmas pecies. 
Pol merization 
Figure 2.6. 
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When a surf ace is exposed to a plasma different reactions occur. 
1. Species in the plasma react chemically to form a different functional group. 
2. A species from the plasma may implant itself in the surface. 
3. Atoms may be ejected from the surface when a high energy species strikes. 
(sputtering) 
4. Polymerization of plasma species may take place on the sutf ace forming thin 
films. (Plasma polymerization) 
5. The surface structure may be altered by high energy collisions. 
6. The surf ace may be made reactive by charge transfer from species in the 
43 
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Parker has shown that a water plasma can be used to change the mica surf ace 
from an inert oxide layer to a smooth surface possessing a silanol site density of the order 
of that of silica.40 AFM scans have also confirmed that the mica surface remains smooth 
after plasma treatment.44 In Chapter 6 the SF A, which relies on the molecular 
smoothness of mica, was used to try to obtain information on the adsorption structure of 
nonionic surfactant on silica by treating mica surfaces with a water plasma. The 
surfaces were treated by sealing them in a chamber containing water vapour at a pressure 
of 50 mtorr. A plasma was generated by application of an 18 MHz Rf source at 40W to 
the chamber for 3 minutes, or until a test piece of mica showed a contact angle with water 
of greater than 85° after exposure to vapour of trimethylchlorosilane for 15 minutes in a 
dry atmosphere. In Chapter 5 experiments are described in which a water plasma was 
used to clean the silica surf aces used in the AFM and to ensure a high density of silanol 
groups at the surf ace. In that case the power was 1 OW at a pressure of 50 mtorr for 30 
seconds. The contact angle of water on the silica substrate after exposure to 
trimethylchlorosilane as above was >90°. 
2.S Experimental Details 
Pentaoxyethylenedodecyl ether (Cl2E5) was obtained from Nikko Chemicals and 
used without purification. Literature values for the cmc are 4 x 10-s M 45 and 6.5 x 10-5 
M. 46 The temperature of the measurements were well below the cloud point for this 
surfactant (27°C).47•48 Sodium chloride and sodium sulphate were supplied by BDH and 
were roasted overnight at about 500°C to remove any organic contaminants. The latter 
was used as the electrolyte in the experiments presented in Chapter 4 as it was discovered 
that halide ions, especially in the presence of nonionic surfactant, cause the silver layer on 
the back of the mica sheets to be degraded. Dodecylammonium chloride was obtained 
from Eastman Kodak and used without further purification. Sodium hydroxide, and 
hydrochloric acid were purchased from Merck. The Cage Surfactant CS 1 was kindly 
furnished by Prof. Sargeson at the Research School of Chemistry, A.N.U. 
Measurements of pH were performed with a PHM Portable pH meter from 
Radiometer, Denmark on a small sample drained from the surface force apparatus. 
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2.5.1 Water treatment 
One of the major problems associated with the technique of surface force 
measurements using the SFA is obtaining water which is free from particle and electrolyte 
contamination. Due to variations in the type of contamination experienced over the 
course of this work different means of purifying the water were employed. 
Chapter 3: All water used in the experiments underwent the following treatment; 
Firstly, it was decalcinated and prefiltered over activated charcoal and then treated 
with a reverse osmosis unit. In the next steps the water was passed through two 
mixed bed ion exchangers, one activated charcoal cartridge, an in-line filter 
(0.1 µm), an Organex(R) cartridge and finally another filter (0.2 µm). The units 
were all Millipore(R) products apart from the filters which were Zetapore(R). 
Chapters 4, 6 and 7: Tap water was ion-exchanged, passed through activated charcoal 
and twice distilled. It typically had a conductivity of 1-2 µScm- 1 and a pH of 5.7. 
Chapter 5.: Water was treated by reverse osmosis (Krystal Klear, Memtec) and then 
treated with ion exchange and activated charcoal (Milli-Q Plus, Millipore). It 
typically had a pH of 6. 
2.5.2 Force Measurements 
All measurements using the SFA were performed at 22.0±0.2°C. The 
experiments performed using the AFM were done at 22+3°C. Using the SFA, unless 
otherwise stated, the time between points in each force measurement was about 30 
seconds. For the AFM experiments were performed at 2 Hz (ie the inward and outward 
runs each took 0.5 seconds). In general measured forces were compared to DLVO 
theory. The van der Waals force was, when not otherwise stated, approximated with 
the non-retarded van der Waals interaction for mica across water (with a Hamaker 
constant of 2.2 x 10-20J 4). This gives the upper limit of the van der Waals attraction in 
these systems since adsorption of surfactants, screening by ·electrolyte and retardation 
effects will result in a weaker van der Waals (vdW) interaction. The double-layer force 
was calculated using the non-linear Poisson-Boltzmann approximation, neglecting ion-ion 
correlation effects. The analyses were performed according to the algorithm of Chan et. 
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al. 49. For 1: 1 electrolyte a program written by John Parker was used, for 2: 1 and 3: 1 
electrolyte a program written by Ric Pashley was used. Unless otherwise stated the 
plane of charge and origin of the vdW interaction are taken to be at the surface of any 
adsorbed layer. In Chapter 6 no attractive forces were observed so the vdW contribution 
to the the DL VO fit was neglected. Similarly, in Chapter 5, when no adhesion was 
observed the van der Waals contribution was neglected. When a jump-in was 
observed the van der Waals force was approximated with the non retarded van der Waals 
interaction for identical surfaces across water with a somewhat arbitrary Hamaker 
constant of 1 x 10-20 J. This value was chosen since literature values for the Hamaker 
constant of silica across water are 0.85 x 10-20J to 1.7xl0-20 J. 50. (The effect of an 
adsorbed surfactant film on the Hamaker constant is briefly addressed in the appendix to 
Chapter 5.) 
The sign of the charge cannot be directly obtained from the force curve but it can 
be inferred from the behaviour of the system in all cases. In Chapters 4,5 and 6 all 
potentials were assumed to be negative and the magnitude of the potential is referred to . . 
It is possible to calculate a surface charge density from fitting the data with 
Poisson-Boltzmann Theory. Due to, among other things, the neglect of ion-ion 
correlations, the surface charge density obtained in this way underestimates the real 
surface charge density 51 by approximately 20%52. 
In Chapter 6 the surfaces were mounted in the SFA prior to plasma treatment and a 
contact position was determined. This value was used as the zero of distance quoted in 
each force curve. Errors may arise due the surfaces being remounted in a slightly 
different orientation to that at which the zero was determined. 
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Chapter 3 
Surface Force Measurements in 
Dodecylamine/dodecyl ammonium chloride 
3.1 Introduction 
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The surface force technique has previously been employed to study a range of 
cationic surfactant systems, cf Pashley. 1 In particular, Herder2 investigated how the 
solution concentration of dodecylammonium (DAH+) chloride influences the forces acting 
between mica surfaces. He limited his study to pH 5.6 where the surfactant exists in 
cationic form. This Chapter is an account of surface forces measured in the same system 
as Herder, but attention is focussed on the pH-dependence of the adsorption and 
interaction. In particular the behaviour in weakly alkaline solutions, where several 
surfactant species are present, has been investigated. Somasundaran3 gives the pKb of the 
dissociation of the DAH+ ion into a proton and a dodecylamine (DA) molecule as 10.63, 
and the association constant of a DAH+ ion and a DA molecule to form a species of the 
form (RNH2H+NH2R) as -3.12. Pugh4 has constructed a diagram from the various 
chemical equilibria involved in alkyl amine systems to show the species distribution as a 
function of pH. At neutral or slightly acidic pH essentially all the surfactant is charged. 
As the pH increases the fractions of uncharged DA and singly charged dimer increase. 
When the total surfactant concentration is about 104 M, the concentration of the dimer 
peaks at about pH 10, and at pH 10.3 the the aqueous solution phase separates into a 
water-rich phase and a liquid dodecylamine phase. 
The understanding of the properties of the adsorbed DA/ DAH+ layer and the 
interparticle forces under slightly alkaline conditions is of particular importance when 
considering separation processes, which often work with optimal efficiency over a limited 
alkaline pH-range. For instance, the recovery of calcium fluorite using DAH+ / DA as 
collector in froth flotation shows a sharp maximum around pH 10. 4 
Flotation is a complex process. As already remarked it is influenced by surfactant 
adsorption at the air-water interface as well as to solid surfaces. This in tum is affected by 
surfactant concentration, pH, and ionic strength. To obtain a good picture of the flotation 
I l 
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process one has therefore to perform a range of studies using various techniques to 
characterise the surfactant behaviour in solution, at the air/solution interface and at the 
solid/solution interface. Interactions between two solid particles, two air-bubbles and 
between an air-bubble and a particle in the surfactant solution also need to be understood. 
The work by Pugh,4 Herder,2 and that presented here, can in a broader 
perspective, be regarded as the first steps in collecting the data needed for understanding 
froth flotation of a mcxlel mica system using DAH+ / DA as collector. 
3.2 Results 
The forces acting between two muscovite mica surf aces immersed in pure water 
are dominated by repulsive double-layer forces at large distances, and by attractive van 
der Waals forces at separations below about 3 nm. The contact position between the 
surfaces in pure water defines zero separation. As DARCI was injected into the solution 
to a concentration of 1 o-4 M the magnitude of the surf ace charge density first decreased 
and then increased again. This is a consequence of adsorption of cationic surfactants to 
the negatively charged surfaces that initially leads to charge neutralization and, as the 
adsorption proceeded due to hydrophobic interactions, to charge reversal. How rapidly 
this process took place depended on how thoroughly the solution was mixed after the 
surfactant was introduced into the aqueous solution. The forces measured about 1 hour 
and about 1 day after injection are displayed in Figure 3.1. The forces observed after 1 
day correspond to the equilibrium adsorption case. 
A measure of the apparent double-layer potential can be obtained by fitting 
double-layer forces calculated in the nonlinear Poisson Boltzmann approximation to the 
measured forces. The apparent surface potential after about 1 hours adsorption was +45 
mV whereas the equilibrium value, reached after prolonged adsorption (12-24 hours), 
varied between +60 and+ 100 mV in different experiments over a pH range of 4.7 to 5.8. 
The corresponding apparent area per charge is 75-38 nm2. The value for the apparent 
surface potential previously reported by Herder2 is at the lower limit of the range of 
values observed here. He also found that charge neutralisation occurred at a DAH+ 
concentration of about lxl0-5 M. 
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Figure 3.1 
Force normalised by radius as a function of separation between mica surfaces immersed 
in aqueous solutions at pH 5.6. Squares and triangles represent forces measured in a 10-4 
M DARCI solution about 1 hour and 1 day respectively after injecting the surfactant. The 
solid lines are force curves calculated from the DLVO theory. The lower curves 
correspond to interaction at constant potential and the upper to interaction at constant 
charge . The apparent double-layer potentials and Debye-lengths used for the calculated 
force curves are +45 m V and 24 nm after 1 hours adsorption, and + 72 m V and 24 nm 
after about 1 day. The layer thickness on each surface is 0.7±0.2 nm. Arrows indicate 
jumps into adhesive contact. 
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(The sign of the surface charge is here inferred quite easily from the change in magnitude 
of the double-layer force with time.) In each case the double-layer force was calculated 
for the two extreme ion adsorption cases, constant surface potential and constant surface 
charge. The more realistic case of interaction between regulating surfaces (interaction at 
constant chemical potential) lies in between these two cases. As is apparent from the 
figures the ion adsorption characteristics influence the interaction significantly only at 
separations less than 1-2 Debye-lengths. 
The forces measured after injection of the DARCI were not consistent with 
DLVO theory (in contrast to those observed in pure water or dilute electrolyte). After an 
adsorption time of about 1 hour a force maximum was located at a separation of about 20 
nm, from which the action of an attractive force considerably stronger than that of van der 
Waals pulled the surfaces into monolayer contact. After equilibrium had been established 
a net attractive deviation from DL VO theory remained at distances below about 20 nm. 
The pull-off force (F(O)/R), in monolayer contact (about 1.2 - 2 nm from mica-mica 
contact) varied in different experiments between 200 and 300 mNm-1. The pull-off force 
is related to the interfacial tension (Y SL) according to equation { 2.5} which gives a value 
of 27+5 mN/m for a = 31t. 
As the pH was raised by addition of a small amount of NaOH the adsorbed 
amount increases. At pH 8.3 (Figure 3.2) a 1.6 - 2 nm thick, essentially hydrophobic 
layer had adsorbed on each surface. The extended length of a DAR+ ion is only 1.8 nm, 
indicating that either a very tightly packed monolayer had adsorbed or that some 
molecules in a partially formed outer layer remained trapped between the surfaces in 
contact. At large separations a repulsive double-layer force dominated the interaction 
whereas a hydrophobic attraction dominated at separations below about 15 nm. Once 
again the pull-off force between the adsorbed layers was in the range 200-300 mNm-1. 
The forces observed at pH= 9.5 are displayed in Figure 3.3. At this pH the force 
wall was located at a separation of 6 nm from mica-mica contact, which is considerably 
larger than that at lower pH. Instead of the attractive deviation from DL VO theory 
observed at lower pH,. a short-range, repulsive, non-DLVO force operated between the 
surfaces at pH 9.5. Clearly, a bilayer has adsorbed on each surface. 
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Figure 3.2 
Force normalised by radius as a function of separation between mica surfaces immersed 
in an aqueous 10-4 M DARCI solutions at pH 8.3. An apparent potential at the monolayer 
surface of +62 mV with a Debye-length of 12 nm was deduced from DLVO analysis. An 
attractive deviation from DLVO theory is observed at separations below 15 nm. The layer 
thickness on each surface is 1.5 - 2 nm. This pH-value was reached by addition of HCI to 
a surfactant solution held at pH 10.5. The arrow indicates the point at which the surfaces 
jumped into monolayer - monolayer contact. 
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Figure 3.3 
Force normalised by radius as a function of separation between mica surfaces immersed 
in an aqueous 10-4 M DAHCl solutions at pH 9.5. Filled squares represent forces 
measured on approach, and open squares forces measured on separation. The solid lines 
are theoretically calculated force curves assuming interaction at constant surface charge 
(upper curve) and constant surface potential (lower curve). The apparent potential at the 
bilayer surface is 55 m V and the Debye-length is 20 nm. The layer thickness is 3 - 3.5 nm 
on each surface. The arrow indicates the small jump into bilayer-bilayer contact. 
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The short-range repulsion had a range of about 1 nm (Figure 3.4). The bilayer remained 
on the surface even when a high compressive force > l0mN/m was applied. On 
separating the surfaces an attractive minimum with a magnitude slightly less than 1 mN/m 
was observed about 1 nm from bilayer contact (at D = 7 nm). At large separations, a 
significant double-layer force dominated the interaction, and regulation of the surface 
charge was indicated as the interaction fell between calculated interactions assuming 
constant charge and constant potential . The apparent bilayer potential at large separation 
was 55 mV, corresponding to an area per charge of 73 nm2. 
On raising the pH further to 10.1 (Figure 3.5), the magnitude of the double-layer 
force decreased (apparent surface potential 38 mV corresponding to an area per charge of 
87 nm2), and the steepness of the short-range force increased (Figure 3.6). At pH 10.3 
the solution became cloudy, due to phase separation of dodecylamine from the bulk 
solution. At the same pH the double-layer force between the adsorbed bilayers 
disappeared. Initially, the forces were well described by a van der Waals attraction 
followed by a very steep repulsion close to bilayer contact (Figure 3. 7). With time a long-
range repulsive force showing hysteresis developed between the surfaces. Clearly, 
additional surfactant molecules adsorbed to the surfaces, presumably due to precipitation 
of phase-separated dodecylamine liquid droplets. Once the multilayer developed only the 
general features of the force curve were reproducible whereas the multilayer thickness and 
onset of the force varied somewhat between each force run. An adhesion with the same 
magnitude as that between bilayers was observed on separation indicating that the 
outermost molecules were adsorbed with the polar group towards the solution. When the 
pH was reduced again, reproducible forces consistent with those previously measured at 
low pH were observed. A typical force curve measured at pH 10.5 is shown in Figure 
3.8. However, when the pH was increased directly from 10.1 to 12.3 no multilayer 
build up was observed. Instead a strong repulsive double-layer force dominated the long-
range interaction, followed closer in by an adhesive minimum and a steric/hydration 
repulsion (Figure 3.8). 
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15 20 
Force normalised by radius as a function of separation between mica surfaces immersed 
in an aqueous 10-4 M DARCI solutions at pH 9.5 plotted on a linear scale. Results from 
two separate force measurements are shown. Filled symbols represent forces measured 
on approach and unfilled symbols forces measured on separation. The solid lines have the 
same meaning as in Fig.3.3. The depth of the attractive minimum located at D = 6.7 - 7 
nm observed on separating the surfaces is less than 1 mN/m. The unbroken arrow 
indicates the jump into adhesive bilayer-bilayer contact and the dashed arrow indicates at 
which point the surfaces jump apart. 
58 
4 
,......., 
,-.. 
1""'4 
I 
e 3 t :z 
:1. 
..._, 
~ 
--~ 
....... 
0 2 
1""'4 
ell 
0 
~ 
1 
0 10 20 30 40 50 60 70 
Distance (nm) 
Figure 3.5 
Force normalised by radius as a function of separation between mica surfaces immersed 
in an aqueous 10-4 M DARCI solutions at pH 10.1. The measurements performed 2 
hours (filled circles) and 17 hours (open squares), respectively, after raising the pH from 
9.5. The solid lines are calculated force curves assuming interaction at constant surface 
potential (lower curve) and constant surface charge (upper curve) and an apparent 
potential at the bilayer surface of 38 mV and a Debye-length of 16 nm. The layer 
thickness is 3.5 nm on each surface. The arrow indicates the small jump into bilayer-
bilayer contact. 
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Force normalised by radius as a function of separation between mica surfaces immersed 
in an aqueous 10-4 M DAHCl solutions at pH 10.1 plotted on a linear scale. Filled 
symbols represent two different force measurements on approach, and open symbols the 
corresponding forces measured on separation. The lines have the same meaning as in 
Fig.3.5. The attractive minimum is located at a separation of 7 nm. The unbroken arrow 
indicates the jump into adhesive bilayer-bilayer contact and the dashed arrow indicates at 
which point. the surfaces jump apart. 
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Figure 3.7 
Force normalised by radius as a function of separation between mica surfaces immersed 
in an aqueous 104 M DAHCl solutions at pH 10.3. Triangles represent forces measured 
45 minutes after increasing the pH from 9.5, squares forces measured 2.5 hours after 
increasing the pH. Filled symbols represent forces measured on approach and unfilled 
symbols forces measured on separation. The solid lines are (upper) the van der Waals 
force using a Hamaker constant of 1.0 x 10-20 J (a typical value for hydrocarbon across 
water) and (lower) the van der Waals force using a Hamaker constant of 2.2 xl0-20 J. 
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Figure 3.8. 
Force normalised by radius as a function of separation between mica surfaces immersed 
in an aqueous 10-4 M DARCI solutions at pH 10.5 (squares) and pH 12.3 (circles). 
Solid lines are theoretical DLVO force curves calculated by assuming a surface potential 
of +35 mV and a Debye-length of 14.5 nm (pH 10.5), and -47 mV and 2.6 nm (pH 12.3) 
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When HCl was added to the alkaline solution, changing the pH from 10.3 to 3.8, 
the multilayer dissolved and a repulsive electrostatic double-layer force reappeared 
(Figure 3.9). The second layer did not desorb immediately, but its presence was 
observed as a strong double-layer force and a repulsive deviation from DLVO theory at 
short separations. This indicates that at this stage the molecules forming the bilayer had 
charged up somewhat, commensurate with the pH in the system, but had not yet 
completely desorbed from the surface. Unlike the case at high pH, the outer layer could 
now be squeezed out easily from between the surfaces by application of a compressive 
force. An example of such a force curve measured before the new adsorption equilibrium 
had been established (10-20 minutes after lowering the pH and thoroughly mixing the 
solution) is illustrated in Figure 3.9. The pull-off force between the monolayers (at 2.4 
nm from mica-mica contact) was about 240 mNm-1. As the system approached the new 
equilibrium situation the double-layer force decreased and the short-range repulsion 
disappeared. At equilibrium, a monolayer is present on each surface, and the forces 
observed wer~ similar to those recorded initially at pH 5.6 (except for the reduced Debye-
length caused by the addition of N aOH and HCl). Hence, the adsorption/desorption 
process was reversible with respect to changes in pH. The adhesion force at monolayer 
contact (1.6 nm from mica-mica contact) was 200 mNm-1. 
3.3 Discussion 
The forces measured between mica surfaces in DAHCl solutions depend strongly 
on the pH. From these measurements it is possible to draw firm conclusions about the 
structure of the adsorbed layer and about the nature of the forces acting between adsorbed 
DAHCl/DA layers. 
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Figure 3.9 
Force normalised by radius as a function of separation between mica surfaces immersed 
in an aqueous 104 M DARCI solutions at pH 3.8. This pH was reached by adding HCl 
to a surfactant solution at pH 10.3. Forces measured after 15 minutes (filled circles) and 
1 day (squares) are shown. The Debye-length is 12 nm and the apparent potential after 15 
minutes was 80 m V (assuming a plane of charge a total 7 .0 nm from mica-mica contact). 
After one day the apparent potential was 55 m V and the layer thickness was about 0.8 
nm on each surf ace. The arrows indicate the small jump into monolayer-monolayer 
contact. 
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3.3.1 The state of the adsorbed layer on mica 
The surface of mica is strongly negatively charged (0.48 nm2/charge) due to 
isomorphous substitution of aluminium for silicon in the lattice. Hence, it is to be 
expected that the cationic DAH+ ion would adsorb strongly to the mica surface thereby 
reducing the effective surface charge density. That this indeed is the case is confirmed by 
the reduction in double-layer force in dilute surfactant solutions 2. By considering the size 
of the DAH+ ion, Herder 2 estimated the thickness of the monolayer to be 0.7-0.8 nm 
when one surfactant molecule is adsorbed for each negative surface site. He also 
observed that at pH-values between 5 and 6 the surfaces became uncharged at a DAHCl 
concentration of about 10-s M, and that the corresponding layer thickness was slightly 
less than expected (0.5 -0.6 nm) when one surfactant is adsorbed on each surface site. He 
also observed that upon increasing the surfactant concentration at this pH the monolayer 
thickness remained essentially unchanged up to at least a surfactant concentration of 
3x 10-3 M at which point an outer surfactant layer adsorbed. 
In this work, in total 5 experiments at a surfactant concentration of 104 Mat pH 
4.7 to 5.8 we obtained a monolayer thickness varying between 0.5 and 0.9 nm. 
Considering the experimental difficulties in determining the thickness of adsorbed layers 
discussed elsewhere5 this can be regarded as consistent with the layer thickness expected 
when one surfactant is adsorbed at each negative surface site. 
Increasing the pH leads to an increased concentration of neutral DA molecules and 
an increased ratio of DAH+ to H+. This resulted in an increased surfactant adsorption. At 
the same time the surface charge density was nearly constant up to pH 9.5 from which 
point it decreased to zero at pH 10.3. This indicates that the additional adsorption was 
due to neutral DA molecules. The additional adsorption took place both in the inner layer, 
as observed by the fncrease in monolayer thickness with pH, and by the formation of an 
outer layer. The fact that there was further adsorption in the inner layer when the pH was 
increased but not when the surfactant concentration was increased (at a constant pH of 
5.6, see ref 2) is further evidence for the adsorption of uncharged DA molecules. This 
effect was prominent already at pH 8.3 as is evident from the large layer thickness and the 
small surface charge density. At this pH only about 0.5% of the molecules in bulk 
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solution were uncharged. Since the positively charged DAH+ ions are depleted near the 
positively charged surface the ratio of uncharged to charged species next to the surface is 
larger, about 3%. Nevertheless, it is clear that uncharged DA molecules adsorbed much 
more readily to the surface than charged DAH+ ions. 
When "monolayers" are present on the surface a strong attractive force was 
observed in monolayer contact indicating that the surfaces had a hydrophobic character 
(Figure 3.10). However, the interfacial energy deduced from these measurements is less 
than that expected for a pure hydrocarbon-water interface, and also less than that 
observed between deposited Langmuir-Blodgett layers (F(0)/R = 350-500 mN/m 6•7). 
The pull-off force is a measure of the difference in surface energy between the 
monolayers in contact with one another, and the monolayers in contact with the solution. 
These adhesion values may be lower than those of LB films as a result of some surfactant 
molecules adsorbing weakly onto the monolayer when it was exposed to solution. The 
low surface charge density at pH 5-6 indicates that the number of molecules in a possible 
"outer layer" must be small, and it is possible that these molecules therefore would not be 
observed by the surface force technique, either as a secondary force wall or as an 
increased monolayer thickness. Also, it is likely that some molecules adsorbed on the 
surface were oriented with the polar group towards the solution. Hence, the structure of 
the adsorbed layer iss not that of a perfect monolayer but contains imperfections, related 
to the submicellar surface aggregate structures increasingly invoked in the explanation of 
surfactant adsorption to solid surfaces. 8-13 
The concentration of DA and DAJDAH+ dimers increases as the pH increases. 
The larger concentration of these more surface active species caused the adsorption to 
increase significantly. At pH-values between 9.5 and 10.3, the thickness of the adsorbed 
layer, possibly including some tightly bound water, was 3.2-3.5 nm on each surface. 
This is close to twice the extended length of DA (3.6 nm), showing that the adsorbed 
structure was essentially a bilayer. The low surface charge density indicates that the inner 
layer was built up of a mixture of DAH+ and DA, whereas DA predominated in the outer 
layer. 
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Figure 3.10 
The pull-off force, F(O), normalised by the local radius of curvature, R, as a function of 
pH. The filled symbols are forces measured in monolayer-monolayer contact and the 
open symbols in bilayer-bilayer contact. 
67 
The adhesion between the bilayers, which carried only a small charge, is two orders of 
magnitude lower than that observed between the monolayers, demonstrating that the 
orientation of the molecules in the outer layer was preferentially with the polar group 
towards the solution. The thickness of the almost neutral bilayers at high pH in 10-4 M 
surfactant solutions was significantly larger than the bilayer thickness (2. 7 nm) observed 
by Herder for strongly charged bilayers at high surfactant concentrations at pH 5.6. This 
is to a large extent due to the cliff erence in adsorption in the innermost layer as discussed 
above and further emphasises that the structure and composition of the adsorbed layer 
obtained by increasing the pH is different to that obtained by increasing the surfactant 
concentration at low pH. In addition, the lack of electrostatic headgroup repulsions 
allows the molecules in the outer layer to pack more closely. 
3.3.2 Comparison of adsorption on mica and other hydrophilic mineral 
surfaces 
It is reasonable to assume that the driving forces for adsorption of charged 
surfactants to oppositely charged hydrophilic surfaces are essentially the same in all 
cases. Hence, the observation that the initial stage of the adsorption is driven by 
electrostatic forces and the later stage by hydrophobic interactions should be quite 
general. However, the structure of the adsorbed layer is likely to vary from case to case. 
The most important factors affecting the adsorption structure of a particular cationic 
surfactant (the size of the charged group and of the hydrophobic tail influence the 
adsorption) to a negatively charged surface are the surface charge density, and the surface 
roughness. As discussed in Chapter 1, mica is a highly charged homogeneous surface 
and consequently a rather homogeneous "monolayer" can form due to electrostatic 
interactions. For surfaces with a lower surface charge density this will not be the case and 
it is possible that adsorption to such surfaces is patchy, with a tendency to form surface 
aggregates. 8 The fact that the mica surface has atomic smoothness over macroscopic 
distances allows surfactant molecules to pack together due to hydrophobic association 
into a monolayer structure over essentially infinite sheets. Hence· the "edges" of the 
monolayer, which necessarily have a higher energy associated with them, are 
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insignificant. If on the other hand the surface is rough on a molecular scale (consisting of 
microscopic cliffs and chasms) edge effects may become relatively large and surfactant 
molecules may be unable to pack in parallel. Such situations would tend to preclude 
monolayer and hemimicellar adsorption (with the polar charged group towards the 
surface) and would thus tend to impose an adsorption regime of smaller aggregates 
(which effectively would remove edge and protrusion effects). There is still a great deal 
of debate about the structure of adsorbed cationic surfactant aggregates 8-15 and the 
picture is by no means clear yet. Some of the proposed models have been discussed in 
Chapter 1. The surfaces onto which these often conflicting structures have been 
proposed to adsorb vary greatly in terms of roughness, charge density, chemistry and 
curvature and it seems ever more likely that a range of adsorbed aggregate or "solloid" 14 
structures exist - perhaps as many structures as there are systems. The difference in 
observed structure suggested by equally valid experimental techniques using the same 
surfactant is exemplified below. 
Rennie et al. 15 investigated cetyltrimethylammonium bromide (CTAB) adsorption 
below the cmc on amorphous quartz using specular reflection of neutrons. Their data is 
consistent with surfactants adsorbing in incomplete bilayers or in flattened micelles 
covering 35% of the surface at a CTAB concentration of 3xl0-4 and 80% at a 
concentration of 6x104 , but not with adsorption in monolayers. It was concluded that 
both the dimension and the separation of the patches was less than one µm. As a 
comparison surface force data16•17 are consistent with adsorption of CTAB to mica below 
the cmc (9 X 1 Q-4 M) in a monolayer having most polar groups oriented towards the 
surface. Above about 1/2 the cmc CT AB adsorbs as a bilayer onto mica. The difference 
between the structures of the surfactant layers deduced for the adsorption of CTAB on 
mica and quartz can-have two explanations. Firstly, the surface charge on silica is lower 
than that on mica at low pH (the pH of the neutron reflectance experiment was not 
reported) reducing the importance of electrostatic forces. (It would be interesting to see 
the neutron reflectance experiment repeated on mica or quartz at different pH-values). 
Secondly, in the surface force experiment the average surface properties over several µm2 
are observed, and a weakly adsorbed outer surfactant layer of CT AB could be removed 
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by pressing the surfaces together leaving only a monolayer between the surfaces in 
contact. (It should perhaps be observed that, if the adsorbed layer on mica were in 
patches of monolayer or bilayer and at high coverage it would not necessarily be 
distinguishable from a complete monolayer/bilayer by the surf ace force technique) 
Pugh investigated the adsorption of DAR+ / DA on calcium fluorite (isoelectric 
point= 10.8) using electrophoresis and determination of the total carbon content on the 
surface.4 Adsorption of the surfactant was very low below pH 9 and did not change the 
zeta potential. At high pH a coverage of about 80% of a full monolayer was observed. No 
detailed information of the structure of the adsorbed layer was determined but the results 
were interpreted in terms of sub-micellar aggregate adsorption. The very clear difference 
compared to adsorption on mica is due to the very different nature of the mineral surface, 
particularly that mica is strongly negatively charged whereas calcium fluorite is positively 
charged up to pH 10.8. 
3.3.3 Comparison of the adsorption of dodecylamine with other 
structurally similar surfactants 
It is of some interest to compare the adsorption of DAR+/ DA at high pH with the 
adsorption of dimethyldodecylamine oxide (DDAO), dimethyldodecyl phosphine oxide 
(DDPO) and pentaoxyethylene dodecyl ether (Cl2E5) onto mica. These molecules have 
the same hydrophobic part but different polar groups. DAR+/ DA, adsorbs readily due to 
electrostatic interactions between the charged species and mica. DDAO has a weak 
tendency to exist in a cationic form (pKa = 4.65, ref. 18). This is sufficient to allow a 
rather strong adsorption onto mica in "monolayers" and, at higher concentrations, 
"bilayers" 19. DDPO is a poor proton acceptor and adsorbs much more weakly to mica. 
However, "monolayers" with many polar groups towards the surface are formed and, at 
high concentrations, on top of that an outer layer.2° C12E5 does associate weakly with 
the mica surface (see Chapter 4), but the association is so weak that no evidence for a 
mono- or bilayer structure could be deduced from surface force measurements21 (see 
Chapter 4). 
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3.3.4 Interactions at pH-values below 9 
At pH-values below about 8.5 the surfactant adsorbs in essentially a monolayer, 
rendering the surface hydrophobic. The long-range repulsion is due to an electrostatic 
double-layer force having a decay-length to within 20% of the value expected from DLVO 
theory. By fitting forces calculated in the PB approximation to the measured forces one 
obtains a value of the apparent surface charge density. As discussed in Chapter 2 the 
surface charge density obtained in this way underestimates the real surface charge 
density.22 For the rather weakly charged surfaces in this study this is expected to cause 
an error of less than 20% in the determined surface charge density.23 At separations 
below about 15 nm a considerably more attractive force than expected from DL VO theory 
is observed. An attractive force with a similar range has also been observed between other 
hydrophobic surfaces obtained by surfactant adsorption. 1•2•16•17 There is then, no 
controversy about the existence of this unexpectedly long-range hydrophobic attraction. 
A brief summary of experimental and theoretical work on the hydrophobic force is given 
in Chapter 1. It must be emphasised that the adhesion between the surf aces in contac_t is 
not unexpectedly strong, but in fact is weaker than expected for a pure hydrocarbon/water 
interface. 
One measure of the surface hydrophobicity is the pull-off force, which is related 
to the interfacial tension. The value measured in 10-4 M DAHCl solutions (200-300 
mNm- 1) was roughly independent of pH (up to pH 9) as illustrated in Figure 3.10. This 
range agrees with that observed by Herder at pH 5.6 2 and is similar to that observed for 
CT AB16•17 and dihexadecyldimethylammonium bromide.1 
3.3.5 Interactions at pH-values between 9 and 10.3 
Charged DAR+ ions are more abundant than uncharged DA molecules up to a pH 
of 10.3, above which the solution phase separates into a water-rich and a liquid 
dodecylamine phase.4 At pH-values above 9.5 a surfactant bilayer, which could not be 
removed on compression, was adsorbed on each surface. The interaction between these 
bilayers was characterised by a long-range double-layer force, the magnitude of which 
decreased with increasing pH. The double-layer force between the adsorbed bilayers 
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disappeared at essentially the same pH as phase-separation takes place in bulk solution. 
At short separations, the force became attractive over a small distance regime, and close to 
bilayer contact a short-range strongly repulsive force was observed. In fact, the forces 
acting between the bilayers at these pH-values are very similar to those observed between 
other nonionic surfactant layers.5•24 In contrast, the forces acting between DAH+ 
bilayers at pH 5-6 2, are purely repulsive. 
As the pH was increased from 9.5 to 10.3 the attractive minimum remained 
located at a separation of 6.6 - 7 .1 nm from mica-mica contact, whereas the slope of the 
short range force became significantly steeper at higher pH. This indicates an increased 
adsorption. There are at least two contributions to the short-range force; dehydration of 
the polar group25 -29 and steric confinement of adsorbed surfactants30. To distinguish 
between these two contributions is very difficult when the adsorbed amount may vary as 
a result of changing conditions. 5,24 
3.3.6 Interactions at pH-values above 10.3 
At pH-values at and above 10.3 the bulk solution phase separated into one water 
rich phase and dodecylamine droplets. The properties of DA solutions at these pH-values 
have been investigated31 and it was found that a precipitate was formed which was 
redispersed at a pH of about 12. Zeta-potential measurements indicated a positive 
potential of the colloidal droplets below pH 11 and a negative potential above this pH-
value. The observations presented here are consistent with those results. At pH-values 
around 10.5 hardly any repulsive double-layer force acted between the dodecylamine 
droplets and the surfactant coated surface. Consequently, the droplets precipitated on the 
surface giving rise to long-range, repulsive and poorly reproducible forces. At pH-values 
above 12 strong, repulsive double-layer forces were again present between the adsorbed 
layers. The sign of the surface charge could not be inferred from surface force 
measurements directly. However, since there was no precipitation of negatively charged 
dodecylamine droplets onto the surface at this pH, it follows that the surfaces must have 
been negatively charged. In all probability the negative surface charge has the same origin 
as that of the dodecylamine droplets; adsorption of hydroxide ions has been suggested,31 
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but there may well also be a contribution from the negatively charged mica lattice which 
can no longer be effectively neutralised by DAH+ ions or protons. 
3.4 Conclusion 
The adsorption to mica in the DAHCl system is dramatically dependent on the pH 
of the system and the resulting concentrations of the different species present in solution. 
At low pH essentially all the surfactant is charged, and adsorption occurs only to the 
extent of one molecule per negative site on the mica surface, forming a sparsely packed, 
"tilted" monolayer. As the pH increases, so does the concentration of DA, which, at pH 
8-9, is able to coadsorb into the monolayer thus increasing the adsorbed layer thickness. 
At this stage a long-range hydrophobic attraction is observed, which is consistent with 
that found by previous workers, as are the measured adhesion values. At high pH-values 
(> 9.5) the concentrations of DA and the highly surface active associated species are 
sufficiently high to allow the formation of a bilayer on each surface. The bilayer is 
uncharged at.pH 10.3 but redevelops a significant charge at higher pH-values. 
These results contribute to the debate over the structure of surfactant adsorbates as 
they show that on an "ideal" highly charged, smooth, homogeneous mineral surface it is 
possible to come close to the classical monolayer-bilayer adsorption behaviour. However, 
as discussed, not even in this case are perfect monolayers obtained and it is even less 
likely that such a simple adsorption behaviour is observed for less ideal surf aces. 
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Chapter 4 
Force Measurements between Mica Surfaces in Nonionic 
Surfactant Solutions 
4.1 Introduction 
The experiments presented in this Chapter were performed below the cloud point 
of a polyoxyethylene alkyl surfactant with the intention of shedding more light on the 
adsorption to mica of a monodisperse nonionic surfactant from micellar solutions at low 
electrolyte concentrations. As discussed in Chapter 1 the adsorption of nonionic oxide 
surfactants has been investigated by C. Herder. However such surfactants have the 
capacity to be weakly protonated at low pH. Polyoxyethylene surfactants do not possess 
this capacity, and there seems little possibility of a specific interaction between the mica 
surface and the surfactant headgroup. Thus it is not obvious whether polyoxyethylene 
surfactant would adsorb to mica by any other means than dispersion forces and hydration 
effects. (Luckham showed that in high salt, a surfactant with a large polyoxyethylene 
headgroup adsorbed at the surface1 - see Chapter 1.) For a surfactant with a relatively 
short polyoxyethylene chain such as C12E5 these effects are likely to be minimal. 
4.2 Results 
Figures 4.1-4 show force measurements in various solutions of C12E5 and 
Na2SO4. Figure 4.1 is a comparison of forces measured in 10-4 M Na2SO4 with and 
without surfactant. The open symbols represent two runs performed consecutively in 
salt alone. In this case classic DL VO behaviour (a long range double layer repulsion and 
a short range van der Waals attraction) was observed; the surfaces jumped into adhesive 
contact from about 2.8 nm. After surfactant was injected to a concentration of 6x10-4M 
( 1 Ox the cmc) the results represented by the closed symbols were obtained. The 
interaction of the surfaces still seemed to follow DLVO behaviour but the magnitude of 
the interaction was reduced as the surface potential dropped from -122 mV to -105mV. 
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Figure 4.1 
Measured force (normalised by the radius of curvature, R) between mica surf aces 
immersed in 10-4 M Na2SO4 with and without added C12E5. The solid lines are fits 
using a non retarded van der Waals interaction and non linear Poisson-Boltzman equation 
according to the algorithm of Chan et al 27 (Hamaker constant for mica across water of 
2.2 x 10-19 J.3).The open symbols are the results of two force measurements made in the 
absence of Cl2E5 and are fitted with the following parameters: The surface potential at 
infinite separation, '¥ = -122 m V, the De bye length, K-1 = 17 .3 nm (nominal 
concentration 1.0x10-4 M Na2SO4) giving a surface charge, cr = -9.4x1Q-3 C.m-2. The 
closed symbols are two force measurements with 6xl0-4 M Cl2E5 (l0xcmc) with the 
parameters'¥= -105 mV, lC'"l =17.3 nm and cr= -6.7x1Q-3 Cm-2. 
Note that even at lOx the cmc the surfaces jumped into primary contact, suggesting that 
any surfactant adsorbed to the surfaces was easily pushed out. At higher concentrations 
(Figure 4.2, 300 x cmc, open symbols) the surface potential was further reduced to -84 
m V. If the force run was done at high speed without allowing the system time to 
equilibrate between measurements (eg. 5 sec.s between points, Figure 4.2 closed 
symbols) then a large additional repulsion was observed starting about 5.0 nm from 
contact. This effect was not observed at lower concentrations. 
Figure 4.3 shows the results of two force runs in 4.5xl0-3 M Na2S04. In both 
curves the closed symbols are inward runs and the open symbols are outward runs. The 
squares show measurements in 6xl0-5 M C12E5 (== cmc) and were almost identical to 
measurements (not shown) in the absence of surfactant. At separations above about 2.5 
nm the interaction is again well described by DL VO theory. However, at separations of 
less than 2.5 nm an additional short range repulsive force was observed; this repulsion is 
caused by the adsorption of hydrated sodium ions to the surface and is commonly called a 
hydration force. 2-4 The hydration force has been briefly discussed in Chapter 1. The 
maxima and minima were not accurately determined in this experiment. The circles in 
Figure 4.3 show measurements performed when the C12E5 concentration had been 
increased to 6 x 10-3 M (roughly lOOx the cmc). The longer range part of the curve 
showed identical decay, but the hydration force was reduced by approximately a factor of 
two. 
Figure 4.4 shows the effect of a high surfactant concentration (> 100 cmc) in 
different salt regimes. In both salt concentrations an additional, usually hysteretic, very 
long-range repulsive force appeared. For comparison the dotted lines approximate the 
forces shown in Figures 4.1 and 4.3. At the higher salt concentration ( 4.5 xl0-3 M 
Na2S04, 6xl0-3 M C12E5 closed circles inwards, open circles outwards) the long-range 
force was of a smaller magnitude than that observed in lower salt concentrations (squares, 
10-4 M Na2S04, 6xl0-3M C12E5). The concentration of C12E5 at which this long-
range repulsion first appears for different electrolyte concentrations was found to vary 
somewhat from experiment to experiment but was always about 100 x cmc. 
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Figure 4.2 
Forces in 10-4 M Na2SO4 and 0.02 M C12E5 (300 x cmc). At this stage equilibrium had 
not been reached at the surfaces. The closed symbols are a force run performed too fast 
for the system to relax, or equilibrate between measurements ( = 5 seconds between 
points). In this case a large additional repulsion is seen, compared with the open symbols 
in which run the system was allowed time to equilibrate between points (approximately 
30 seconds between points). The fit to the open symbols yields a further reduction in 
surface potential compared to the lower curve in Figure 4.1; \l'= -84m V, ~ 1 = 17 .3 nm 
and cr = -4.3xlQ-3 Cm-2. 
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Forces in 4.5x1Q-3M Na2SO4. Closed symbols correspond to inward runs (surfaces 
brought toward one another) and the open symbols are outward runs (measured as 
surfaces are taken apart). The squares show measurements in 6x1Q-5 M C12E5 (::::cmc), 
and these measurements are within error equal to forces measured in the absence of 
surfactant. The circles show force measurements performed in 6x1Q-3 M C12E5(::::100 x 
cmc). The higher surfactant concentration causes the hydration force to be significantly 
reduced. Both curves can be fitted beyond the range of the hydration force with'¥ = -110 
mV, ~ 1 = 2.6 nm (nominal concentration of 4.5 xlQ-3 M) and cr = -4.8 xlQ-2 Cm-2. 
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Long-range forces observed at high surfactant concentrations (> 100 x cmc) after long 
(>24 hours) equilibration time. Mostly the measurements were hysteretic. The squares 
show a force measurement in I0-4 M Na2SO4 and 6x1Q-3 M Cl2E5. The circles show 
forces measured in the same surfactant concentration but with 4.5xl0-~ M Na2SO4. 
(Closed circles are inward runs; open circles outward.) The dotted lines approximate the 
force curves shown in Figures 4.1 and 4.2. 
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In some cases the surf aces could be forced into primary adhesive contact even though a 
hydration force had prevented this at lower surfactant concentrations. For clarity only one 
outward (hysteretic) run is shown but it is typical of the hysteresis seen in most of the 
long-range, repulsive force runs. 
In 104 M N a2S04 the adhesion of the mica surf aces was indistinguishable to that 
in water, giving the surface energy in the solution y =3.7 mJm-2. (Using the factor 41t in 
equation 2.5) On addition of surfactant to 1.0x and 1 Ox cmc the adhesion became 
progressively smaller and at lOOx cmc the surface energy was reduced to 1.8 mJm-2. 
4.3 Discussion 
It is apparent from the results presented above that, even with a concentration of 
nonionic surfactant of many times the cmc the effect on the interaction of the mica 
surf aces is very slight. Previous work on the adsorption of cationic surfactants5•6 has 
shown a marked change in surface interaction well below the cmc. With increasing 
surfactant concentration a drop in surf ace potential ( even a charge reversal) is observed, 
followed by a hydrophobic attraction as a monolayer forms and then a repulsion as a 
charged, hydrophilic bilayer forms at concentrations below the cmc. With the formation 
of each layer the contact position (or position of closest approach) changes. None of 
these effects is seen here as the absence of any electrostatic component precludes this type 
of adsorption. Although there is no measurable steric contribution to the force, the 
reduction in both the surface potential and the magnitude of the hydration force was 
sufficient to indicate that some slight adsorption of the surfactant takes place. 
Pashley2 has described the surf ace potential of mica in aqueous solution in terms 
of competing adsorption of metal and hydrogen ions. With this model he successfully 
explained both the non-monotonic behaviour of the surface potential with metal ion 
concentration and the nature of the hydration force. The model incorporates the size of 
adsorbing cations and the area of negative surface sites. Sodium ions, which have an 
adsorbed area of 0.55 nm2 2 thus obscure more than one negative site (area 0.48 nm2 7) . 
Both the reduction in the surf ace potential and the reduction in the hydration force 
can be explained if the presence of adsorbed surfactant shifts the adsorption equilibrium 
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for sodium ions without affecting the adsorption of hydronium ions. This is a reasonable 
proposition if one accepts that the adsorption of hydrogen ions is to negative sites in the 
crystal lattice8 and they are thus within the oxide layer forming the surf ace, in contrast to 
that of metal ions which, due to their larger size are constrained to reside exterior to the 
mica surface. 
The result is that the potential drops as the free energy of adsorption of Na+ (but 
not H+) decreases with increasing surface concentration of surfactant. (This is because 
for each Na+ ion prevented from adsorbing, more than one H+ may adsorb.) Although 
the magnitude of the change in free energy (dGac1s(Na+)) is unknown, a good fit to the 
measured drop in potential in Figure 4.1 is obtained by assuming that dGac1s(Na+) drops 
from -19.8 kJmol- 1 to -16.9 kJmol- 1. The effect on the adsorbed Na+ density of 
decreasing dGac1s(Na+) is shown in Figure 4.5. 
The effect of the change in Na+ ion density on the surface potential (at oo 
separation) is plotted in Figure 4.6. It can be seen that in 10-4 M Na2S04 (ie. 2 x t0-4 M 
Na+) the effect on the potential('¥) is large but in 4.5 x lQ-3 M Na2S04 (ie. 9 x 10-3 M 
Na+) the effect on the potential is small, as observed in Figure 4.3. The reduction in Na+ 
ion density though would easily be enough to appreciably reduce the hydration force, 
again as observed in Figure 4.3. 
The reductions in potential and in hydration force can, of course, be equally well 
fitted by assuming that dGads(H+) increases without a corresponding increase in 
dGads(Na+). It seems unlikely, though, that a change in the solution properties and 
adsorption layer should give rise to an effect which would change the adsorption of ions 
within the surface (H+) without equally changing the adsorption energy of ions adsorbed 
exterior to the surf ace. 
It is possible that the change in the ion binding equilibrium could be caused by a 
change in the activity of the adsorbing ions in bulk rather than in the adsorbed layer.This 
seems less likely, especially in view of the fact that it is usually anions that interact 
strongly with nonionic surfactants (as seen in the effect on cloud points at salt 
concentrations more than 1 order of magnitude higher than the highest used here). 9 
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Surface potential '¥ 0 (at infinite separation) of mica as a function of sodium ion 
concentration. The solid line shows the behaviour of'¥ 0 with Na+ concentration using 
LlGacts(Na+) = -19.8 kJmoI-1 2. The dotted line shows how the potential would behave if 
L'.lGacts(Na+) = -16.9 kJmol- 1. The arrows show the Na+ concentrations at which the 
results of Figures 4.1 to 4.3 were obtained. 
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The reduction in adhesion (about a factor of 2 ), provides further evidence for 
weak adsorption. Since the state of the surfaces in contact is the same with and without 
surfactant, the decrease must be due to a reduction in the surf ace energy at infinite 
separation in surfactant solution. It is reasonable to assume that surfactant adsorption 
reduces the surf ace energy. 
The additional repulsion in Figure 4.2 gives further indication of adsorption to the 
surface This repulsion is entirely due to a viscous effect as quantified by Hom et.al. 10 
As this force was not observed in lower surfactant concentrations it means that the 
viscosity at the surface is now much higher - indicative of a high surface concentration of 
surfactant. 
Thus it seems reasonable to suppose that, for concentrations of many times the 
cmc, there is some weak adsorption of C12E5 which is easily displaced as the surfaces 
approach. It seems likely that adsorption of the surfactant to mica is either parallel to the 
surf ace or has the nature of a monolayer with the hydrophobic moiety towards the mica 
surface. The thickness of a an adsorbed monolayer on a hydrophobic surface at 22°C is 
approximately 2.0±0.4 nm11 and it should be be noted that the extra repulsion in Figure 
4.2 starts at 5.0 nm - perhaps equivalent to two monolayer thicknesses. 
The generally hysteretic long-range force in Figure 4.4 may be due to something 
in the nature of lamellar ordering between the surf aces or to the adsorption of micellar 
aggregates. The difference in magnitude of the long range repulsive force at different 
salt concentrations is not easily explained. The bulk solution remains micellar, and it 
should be noted here that the concentration of surfactant used here is considerably less 
than that required to form a bulk lamellar phase.12 At 22°C the micellar / lamellar phase 
boundary is at about 55% by weight C12E5. The maximum concentration of surfactant 
used here is about 0.8% ). Although the long range force observed here is quite unlike 
that measured in Chapter 6, it is possible that its origin is the same, ie a surface induced 
phase separation with the differences being due to a higher surfactant concentration and a 
less well ordered surfactant structure. This is discussed at greater length in Chapter 6. 
Another explanation, of course, is that small amounts of polymeric contaminant are 
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present which are more surface active due to their large siz.e, and which are only observed 
to adsorb at high concentration and long equilibration. 
A substance with a similar surface to that of mica is magadiite which is a lamellar 
type silicate with a (non-hydrogen bonding) oxide surface. Derfler et. al. 13 studied the 
adsorption isotherms of C12E8 to synthetic Magadiite by monitoring the bulk 
concentration of a ( centrifuged) dispersion. It was shown that maximum adsorption took 
place at roughly 40 x the cmc (cmc=7.1 x 10-s M, 14 adsorption only to external surfaces, 
as determined by X-ray diffraction). These authors also observed an increase in 
adsorption with 7 x 10-3 M Na2SO4 which was ascribed to the solution structure-
breaking properties of S04 2- ions. 15 
All this is markedly different to observations of adsorption of a nonionic 
surfactant on a silica surf ace in a similar concentration of N a2S04. 16 In the absence of 
electrolyte the adsorption plateaued (7.5xl0-7 mole g-1) at the cmc.17 The coverage at 
this plateau is of the same order as a monolayer at the air-water interface. In the presence 
of electrolyte it was initially observed that increased adsorption took place (compared to 
the adsorption in the absence of electrolyte at the same pH) at concentrations up to 0.6 x 
cmc where it plateaued at a coverage of only 40% of that in the absence of electrolyte. 
This different behaviour (vastly lower concentrations of surfactants are required for full 
adsorption to silica, and different behaviour in sodium sulphate), implies a different type 
of adsorption. On silica the surfactant adsorbs due to hydrogen bonding between 
undissociated silanol groups and the polyoxyethylene headgroup.17-21 In these works 
the adsorption is considered in terms of the formation of a hydrophobic monolayer which 
is then rapidly intercalated by a second layer, with overlapping of hydrophobic tails, 
presenting a more hydrophilic surface. Presumably the inhibition by sodium ions16 is 
caused by substitution of hydrated sodium ions on the silanol groups thus precluding the 
possibility of H-bonding. (As discussed in Chapter 1, however, there are conflicting 
views on the structure of aggregates adsorbed on silica.) 
C. Herder22 has measured surface forces between mica surfaces in solutions of 
the nonionic surfactant dodecyldimethylphosphine oxide. She observed the formation 
of a monolayer with headgroups oriented both towards the solution and towards the 
85 
surface. The differences between this work and hers was explained in terms of the 
bulky polyoxyethylene chain being unable to bond to any species on the surface, whereas 
the oxide group of the DDPO molecule had the capacity to weakly bond to adsorbed 
hydrogen ions in the mica lattice.22 However, since the monolayer formed at 
approximately the cmc, it is also possible that there was a minute amount of protonated 
surfactant which "nucleated" the formation of a monolayer due to hydrophobic 
aggregation, at about the cmc. 
The model used to explain the reduction in surface potential and the hydration 
force can be used to rationalise results obtained in recent surf ace force measurements by 
Perez and Proust.23 They studied the effect of the helical polysaccharide dextran on the 
forces between mica sheets in solutions of sodium chloride. The result of adding dextran 
to a concentration of about 0.1 g/litre (the amount of dextran varied between solutions) 
was a reduction in the measured force. It was suggested that the reduction was due to a 
depletion force. Although these curves were smaller in magnitude than those measured 
both here and by Pashley2 they can be fitted with DLVO theory. The reduction in force 
observed on the addition of dextran is entirely consistent with a decrease in surface 
potential similar to the one found here. For example, the force measured in 10-3 M NaCl 
has a 'Poo of -70mV and the reduced force in the presence of dextran gives 'Poo of -53mV. 
There is no need to resort to depletion forces to explain the results. An effect on the 
surf ace potential might well be a common feature in the weak adsorption of nonionic 
compounds. Measurements by Christenson and Claesson24 subsequent to this work 
have confirmed that similar behaviour is observed in dextrose solutions. 
Although the future of nonionics in the field of tertiary oil recovery looks bleak 
(due to salting out effects, low cloud point and the fact that the source rocks are in all 
probability rendered hydrophobic by the adsorption of ashphaltenes) they would appear 
to have at least one advantage. It is apparent from this work that little surfactant would be 
lost by adsorption to rocks with non-hydrogen bonding oxide surfaces as adsorption is 
not only very weak but also appears to occur at concentrations well above the cmc. 
The effect here observed on the hydration force may well have implications for 
clay swelling - a soil problem caused by hydration of cations such as sodium between the 
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clay platelets. It is known that clay swelling can be temporarily inhibited by the 
replacement of cations in the surfaces of the platelets by other cationic species with 
different hydration properties. Our observations suggest that nonionic species might also 
have applications in this field. It is known that nonionic surfactants intercalate in a 
parallel orientation between clay platelets25 and if they simultaneously change the ion 
adsorption properties of the surface they will also alter the swelling behaviour of the clay. 
4.4 ESCA Measurements 
ESCA measurements of the adsorption isotherms of sodium and cesium ions to 
mica are compared to those determined in the presence of C 12E5 at a concentration of 
10-3 Min Figures 4.7 and 4.8. The pH of the solutions was 5.7. It was intended that 
these measurements would test the hypothesis presented in the preceding Discussion and 
could be compared to the theoretical curve in Figure 4.5. 
The filled squares are measured adsorption densities for metal ions alone and the 
open squares are were measured in the presence of l0-3 M C12E5. Figures 4.7a and 
4.8a show the raw metal ion densities calculated from the equation 2.16, without 
subtracting the iodine density. Figures 4.7b and 4.8b show the metal ion densities after 
the iodine signal has been taken into account. · The error in measuring each signal is of 
the order of 2-5 percent, making the uncertainty in the plotted ion density of the order of 
10%. However, when a large iodine signal is subtracted from a large cation signal the 
relative error becomes much larger, so for the highest concentration points in Figures 
4.7b and 4.8b the uncertainty is much larger. 
In Figures 4.7b and 4.8b the isotherm in the presence of surfactant is always at a 
lower density, with the exception of only one point. Thus it is possible to qualitatively 
observe that the effect of surfactant on mica adsorption is to reduce the adsorbed metal 
ion density as discussed in the preceding section. 
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Figure 4.7 
ESCA measurements of sodium ion adsorption isotherms in the absence (filled squares) 
and presence (open squares) of 10-3 M C12E5. The densities in "a" were calculated 
according to equation 2.16 and include all scxlium on the surface. In "b" the presence of 
extra sodium in crystallites was taken into account by subtracting the iodine density (also 
calculated from equation 2.16 from the measured Na density. Uncertainties are of the 
order of 10%, except for b at high concentrations where the subtraction of one large 
values from another leads to a much higher relative error. 
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ESCA measurements of cesium ion adsorption isotherms in the absence (filled squares) 
and presence (open squares) of 10-3 M C12E5. The densities in "a" were calculated 
according to equation 2.16 and includes all cesium on the surface. In "b" the presence of 
extra cesium in crystallites was taken into account by subtracting the iodine density (also 
calculated from equation 2.16) from the measured Cs density. As for the sodium results 
(Figure 4. 7) iodine signals were often larger than could reasonably be explained by the 
presence of crystallites, suggesting that extra, probably molecular, iodine adsorbed to the 
surface. Uncertainties are of the order of 10%, except for bat high concentrations where 
the subtraction of one large values from another leads to a much higher relative error. 
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However, the adsorption isotherms of both Na and Cs decrease at high 
concentration (Figure 4.7b and 4.8b) in contrast to theoretical predictions (see Figure 4.5) 
and previous experiments8• This implies that the iodine signal gives an overestimate of 
the amount of crystalline adsorbate and thus too much is subtracted from the metal signal. 
However, when the raw metal ion results are plotted (Figure 4.7a and 4.8a), there is large 
scatter at high concentration and the Na curve does not plateau as expected. (The Cs 
curve is not expected to plateau at these concentrations due to its smaller adsorbed area2) 
This indicates that there is at least some crystallite formation, which justifies the choice of 
a counterion of large S. 
The overestimation of the crystallite contribution tends to suggest that there is 
another form of iodine contributing to the iodine signal. When the iodine contribution 
was subtracted from both the cesium and sodium isotherms in the presence of surfactant a 
"negative point" was determined indicating that there was more bound iodine than 
adsorbed metal ion! It seems likely, therefore, that iodine is present in its molecular 
form, possibly associated with a complex ion. It is surprising though that it remained on 
the surface in the high vacuum conditions necessary for ESCA measurement. 
Thus it is difficult to draw firm conclusions about the mechanism of the effect of 
the surfactant on the ion adsorption, since the adsorption isotherms cannot be compared 
to Figure 4.5. However, in principle, the technique remains the ideal way to determine 
the effect of surfactant on the ion adsorption characteristics of mica. It is hoped that a 
future experiment, incorporating a different anion, and possibly a shorter equilibration in 
solution should provide more reliable data. Also the use of a "batch" ESCA device (in 
which several different samples can be measured without shutting down the X-ray 
source) would improve the quality of the data as variation in the X-ray flux, and other 
instrumental drifts would present less of a problem. 
There is also additional evidence for the presence of an adsorbate when the 
surfaces are in solution. In the two cases where a "negative point" was obtained (due to 
a spectacularly increased iodine signal) surfactant had been present in the solution. It is 
known that the oxyethylene chains have a specific interaction with iodine when in 
aggregates and in fact this has been used in the determination of cmc s for many nonionic 
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surfactants26. Together, these facts suggest that there was aggregated surfactant on the 
surface in solution in some of the solutions. This seems consistent with the observation 
of the long range force in Figure 4.4 which was also a somewhat fickle phenomenon. 
4.5 Conclusion 
Four separate effects of nonionic surfactants on the surface forces measured in 
electrolyte solutions have been identified. (i) a reduction in surface potential, (ii) a 
reduction in the hydration force, (iii) an additional repulsion in more concentrated 
surfactant solutions due to viscous effects at high speed approach and (iv) a reduction in 
the measured adhesion between the surf aces. Taken together these observations are 
strong evidence for the weak adsorption of nonionic surfactants to mica surfaces at 
concentrations where there is no steric effect on the equilibrium interaction. All these 
effects were only observed at concentrations greatly above the cmc. At very high (:::::100 x 
cmc and above) concentrations, adsorption is clearly evident from the presence of a long 
range, hysteretic repulsion. A similar reduction in the surface potential and the 
hydration force may explain some earlier work in dextran solution and presumably can be 
extended to other systems, for example polymers or alcohols. 
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Chapter 5 
Force Measurements between Silica Surfaces in C12E5 Solutions 
5.1 Introduction 
In the preceding chapters the SFA has been used to study surface forces between 
surfaces with adsorbed surfactant and the effect of the adsorbate on the surface force was 
monitored. It has been shown here and elsewhere that using this technique it is possible 
to draw conclusions about the structure of the adsorbate from changes in the surface force 
and thickness of the adsorbed layer. 12•3-9 The technique is somewhat limited by the 
requirement that the surfaces under examination be molecularly smooth over an area of 
the order of a square centimetre (despite recent advancements in broadening the range of 
substrates that may be used. 10-13) 
Surface forces may now also be measured using the recently developed atomic 
force microscope14 which has very recently been applied to colloidal systems. 15 The 
instrument possesses the advantage that surfaces need not be molecularly smooth over 
large areas and also that the choice of substrate is not limited by refractive index and 
thickness considerations for interferometric measurements. The major disadvantage of 
this technique is that no absolute zero of separation can be obtained and must be inferred 
from the force measurement. Thus the two techniques of surface force measurement are 
largely complementary. 
In this Chapter results are presented of measurements of surf ace forces between a 
spherical silica particle and a flat silica surface in aqueous solutions of the nonionic 
surfactant pentaoxyethylene dodecylether (Cl2E5). As discussed in the preceding 
chapter and in Chapter 1 there is a great deal of debate about the nature of the aggregates 
of nonionic surrfactants formed on silica. 
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5.2 Results and Discussion 
Figures 5.1 to 5.5 show the surface force as a function of distance between a 
spherical silica colloid probe and a silica substrate, in background electrolyte of 
approximately 3 x 10-4 M NaCl in various concentrations of C12E5. In general there is 
variation of up to a few percent in details of the curve ( eg height of force maximum etc) 
which is probably due to the dynamic nature of the measurement. The measured force, F 
is plotted normalised by the mean radius of curvature, R, of the particle as in 
measurements with the SFA. (The radius of the sphere is determined from Scanning 
Electron Microscopy, see Plates 1 and 2) 
The force in Figure 5.1 in the absence of surfactant is in agreement with previous 
work using the same substrates. 16 The fitted DL VO parameters are 'V (surface potential) 
= -70 mV and ~ 1 (Debye length)= 19.0 nm. The value for the potential is within the 
broad range of values (-40 mV - -83 mV) quoted for silica10,17-19 in dilute electrolyte. 
This may be a slight underestimate of the actual "surface" potential as the surface 
roughness may prevent the surfaces being in true contact at constant compliance. Thus 
the potential measured should approximate to that arising from the charge on the surface 
at a layer of thickness one half of the average surf ace roughness. It can be seen that the 
electrostatic repulsion lies between the boundaries of constant charge and constant 
potential. Forces between silica surfaces in aqueous solution cannot be fitted with the 
complete DL VO theory as there is always an additional repulsive force at small 
separations ( <3 nm) which masks the expected van der Waals attraction between the 
surfaces. This extra repulsive force is usually referred to as a hydration force and is 
thought to derive from the bound water molecules hydrating the surface. 10,18,19 There 
may also be a component of this force resulting from the surface roughness, but it has 
been shown that the repulsion changes as a function of electrolyte concentration, 16 and as 
it is unlikely that the surface roughness would be affected by electrolyte concentration, 
this contribution is likely to be small or non-existent. 
Initially, when the surfactant concentration was increased from zero to 2.1 x 10-5 
M, the surfaces were observed to jump in from a separation of approximately 5 nm to 
constant compliance with a strong adhesion indicated by a jump out of approximately 
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180nm. This strong adhesion was very transient, and could not be isolated as an 
equilibrium effect, even by going to a lower concentration. Around this concentration 
the surface forces were extremely sensitive to very small changes in the surfactant 
concentration, of the order of 1 o-6 M. (This is not unexpected as the adsorption 
isotherms are extremely steep functions of concentration.) This jump-out corresponds to 
a pull-off force of 19 mN/m and, from equation 1, a surface energy of 1.5 mN/m. This 
is small compared with values found for surfactant systems examined using the surface 
force apparatus and compares with values found for dodecylamine bilayers on mica 
(Chapter 3). However, it is most likely that the attraction and adhesion arise due to low 
levels of surfactant adsorption which disrupt the hydration force (Scheme I in Figure 
5.6.) and either produce weak hydrophobic forces or allow the attractive dispersion 
forces between the surf aces to overcome the repulsion. The depth of the minimum is not 
sufficient to correspond to the operation of van der Waals forces at molecular contact but 
since the surfaces have some roughness associated with them, the adhesion could 
conceivably correspond to contact at, say, 2 to 3nm from "true" contact. The mechanism 
of the hydrophobic force remains a vexed question20-25 and it is not obvious what the 
effect of increasing curvature and decreasing surface area would be upon the magnitude 
of the force. Thus the fact that the adhesion measured here is far lower than that 
measured between hydrophobic surfaces in the Surface Force Apparatus does not 
necessarily eliminate the possibility that a weak hydrophobic force is in operation. 
Within minutes the jump-out was reduced to that seen in Figure 5.2. The 
parameters from the DL VO fit are 'V = -100 m V and r 1 = 17. 0 nm. The fact that there 
was no evidence of any extra repulsive force before constant compliance was reached 
indicates either that the adsorbed amount is very small or that the adsorbate is laterally 
mobile (or both). As there was some "decompression" of the surfaces prior to jumping 
out it would seem that there was some material trapped between them at constant 
compliance This suggests that the hydrophobic attraction between the surfaces was 
being screened by further surfactant adsorption. The fact that the adhesion was reduced 
rather than enhanced by the adsorption of more surfactant indicates that adsorption 
occured through small aggregates (Scheme II/III Figure 5.6) rather than through the 
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10 15 20 25 30 35 40 45 50 
Distance (nm) 
Forces between a colloidal silica probe and an oxidized silicon wafer immersed in a 3 x 
10-4M NaCl solution plotted on a logarithmic scale. The squares are the average of every 
3 points obtained from a screen file of the photodiode response vs piezo expansion and 
converted to force distance curves by the method outlined in the text. The solid lines are 
a fit using the non-linear form of the Poisson-Boltzmann equation according to the 
algorithm of Chan et al .. 34 The upper line assumes interaction at constant charge and 
the lower at constant-potential. The parameters of the fit are 'V = -70 m V and K""1 = 19.0 
nm which are in good agreement with previous work. The force is not fitted with the full 
DLVO theory as there is a repulsive hydration force at short separations ( <3 nm). 
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Force between a colloidal silica probe and oxidized silicon wafer in a solution of 2.1 x 
10-5 M C12E5 and 3 x 10-4 M NaCl plotted on a logarithmic scale. The filled symbols 
were obtained as for Figure 5.1, on approach, and the open symbols were obtained on 
separating the surfaces. The solid lines are a fit of DL VO theory to the data using a 
Hamaker constant of 1 x 10-20 J, with the fitted parameters 'l' = -100 mV and K"" 1 = 17.0 
nm. At this concentration the surfaces experience a jump in to adhesive contact from 
approximately 4 nm. As the piezo voltage is applied to separate the surfaces they 
remain in constant compliance and then jump out approximately 22 nm. (Initially a jump 
out of about 180 nm was observed but this rapidly decreased to the value shown here.) 
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growth of a monolayer. On a note of caution, it should be restated at this point that 
errors due to rolling of the cantilever must occur and the extent of this effect on the 
adhesion values detennined cannot be predicted with any accuracy. 
As the concentration was increased to 3.lxl0-5 Mand then 4 x 10-5 M (Figure 
5.3), with very little difference between forces, the adhesion decreased to give a very 
small jump out. Although the separation at which the surfaces jumped in increased, this 
probably just reflects that there is a compressible layer prior to constant compliance. 
At this concentration there is no longer any evidence for a hydrophobic surface. The 
jump-in probably arose due to dispersion forces and the fact that, although thoroughly 
disrupting the hydration force, the surface aggregates were not sufficiently densely 
packed to prevent the close approach of the surfaces. (Scheme III, Figure 5.6) It may be 
that aggregates on one surface were able to bind to some extent to bare patches on the 
approaching surface, although one would expect a larger adhesion if this were the case. 
The fitted parameters are 'V= -90 mV and ~ 1 =17.0 nm. 
When the concentration was increased to lxl0-4 M the nat.ure of the interaction 
changed significantly (Figure 5.4). The parameters from the DLVO fit are, in this case, 
'V = -44 m V and ~ 1 = 17 .0 nm. (For the purposes of fitting the data the plane of charge 
is "assumed" to be at the force wall prior to the jump in, as it is difficult to predict what 
the electrostatic profile across the adsorbed layer would be.) The surfaces then came in 
to a strong repulsive barrier at about 5 nm from constant compliance before jumping in 
from 3 - 4 nm to a rigid contact. On two occasions the system was allowed to equilibrate 
for an extended period (as long as 24 hours) and forces such as that shown in Figure 5.5 
were observed. The fitted parameters are 'V = -45 mV and ~ 1 = 17.5 nm. Two jumps 
are visible in the force curve, and the final jump-in was not to constant compliance. The 
surfaces jump from ·12.4 nm and 8.0 nm and minima are located at 5.0 nm and 9.8 nm 
(±0.2 nm in each case). The positions of the minima are twice and four times the 
extended length of the C12E5 molecule (2.5 nm) respectively. This strongly suggests 
that the minimum at 5.0 nm corresponds to monolayer - monolayer contact and that the 
minimum at 9.8 nm corresponds to bilayer - bilayer contact. 
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Force between a colloidal silica probe and oxidized silicon wafer in a solution of 4.0 x 
10-5 M C12E5 and 3 x 10-4 M NaCl plotted on a logarithmic scale. The filled symbols 
are the average of every three points measured as the surfaces approached and the open 
symbols as the surfaces were separated. The solid lines are a fit of DL VO theory to the 
data using a Hamaker constant of 1 x 10-20 J, with the fitted parameters 'V = -90 m V and 
,c-1 = 17 .0 nm. The surf aces jump in from about 5 nm to approximatelr 2 nm, and the 
jump out is considerably reduced to about 10 nm. However the surfaces do not jump 
from constant compliance, but first move out to approximately 2 nm (the same position 
into which the surfaces initially jumped). 
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Force between a colloidal silica probe and oxidized silicon wafer in a solution of 1 x 
1 Q-4 M C 12£5 and 3 x 1 Q-4 M Na Cl plotted on a linear scale. The filled symbols were 
obtained on the approach of the surfaces, the open symbols on separation. The solid 
lines are as in Figure 5.1 with the fitted parameters 'V = -44 m V and K""1 = 17.0 nm. The 
plane of charge is assumed to be at the force wall which appears at this concentration. 
The wall is located approximately 5 nm from constant compliance and the surfaces jump 
directly from this position to constant compliance. 
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45 
Force between a colloidal silica probe and oxidized silicon wafer in a solution of 1 x 104 
M C12E5 and 3 x 10-4 M NaCl after an equilibration period of about 24 hours, plotted on 
a logarithmic scale. The filled symbols were obtained on the approach of the surfaces 
and have not been averaged so as to preserve the structure at short separation. The 
"linear ·spread" of points at low force is a digitization artefact of the force capturing 
technique, as the data is read from a screen file rather than captured directly. The 
surfaces jump from 12.4 nm into a repulsive regime at 9.8 nm from which they again 
jump into another repulsion 5 nm from constant compliance. The solid lines are as in 
Figure 5.2 with the fitted parameters 'V = -45 m V and K-1 = 17 .5 nm. The plane of 
charge is assumed to be at the first force wall. 
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The adhesion (there is a 26 nm jump-out, equivalent to 4.5 mN/m) is almost identical to 
that in Figure 5.2, and of the same order as that in Figure 5.4. 
5.2.1 The state of the adsorbate at concentrations above the cmc 
Figures 5.4 and 5.5 suggest that adsorption occurs in the form of bilayers. The 
forces in Figure 5.4 are proposed to arise from an adsorption scheme resembling that in 
Figure 5.6 IV. The force wall corresponds to the point where the intercalated bilayers on 
each surface interact sterically. When the force barrier is overcome the layers on each 
surface are pushed out as a whole, leaving either a small amount of surfactant trapped 
between the surfaces or bare silica - silica contact, which is then adhesive due to 
dehydration of the surfaces by the surfactant, which transports its water of hydration with 
it when displaced. The forces in Figure 5.5 seem to indicate that after long equilibration a 
"classical" bilayer is formed on each surface, along the lines of that depicted in Figure 5.6 
V. The positions into which the surfaces jump correspond first to bilayer - bilayer 
contact and then monolayer - monolayer contact. Then the monolayers are pushed out in 
the monotonic repulsion to constant compliance, which has roughly the same adhesion as 
in Figure 5.4. 
The surfaces jump in to what it is proposed to be bilayer - bilayer contact in 
Figure 5.5 but not in Figure 5.4. This is to be expected however. If the adsorption is 
as shown in Figure 5.6 V then the oxyethylene headgroups are quite tightly packed with 
very little orientational freedom. Moreover the oxyethylene chain will not be so 
favourably hydrated as in scheme IV so an attraction resembling that at the cloud 
point,26•27 may be set up. 
In a scheme such as IV the headgroups will be quite loosely packed. The hard 
wall repulsion would-occur where the headgroups were compressed together (at less than 
their full extension) but they would start to sterically interact at a distance corresponding 
to the full extension of the oxyethylene chain on each surface, leading to a monotonic 
repulsion before the surfaces finally jump in as the intercalated monolayers are pushed 
out. Indeed it has been proposed that the repulsive, so called "hydration force" between 
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lipid bilayers may be due to protrusion effects28 and such a mechanism is probably 
operating here. 
It is not possible to draw any conclusions about the "defectiveness" of the bilayers 
formed. The forces required to remove surfactant layers appear to be quite low 
compared to that required for the "hemifusion" 29 (the fusion of two bilayers on different 
surfaces into a single bilayer between the surfaces) of nonionic surfactants measured 
using the SFA.3 This might suggest that the bilayers are defective or laterally mobile, 
but it may equally well be that the bilayers are not quite so well packed in this system (in 
the work cited above the nonionic surfactant was adsorbed onto an L-B deposited 
hydrophobic monolayer of cationic surfactant). In addition, surface roughness effects 
may also disrupt the ordering of the bilayers resulting in a less stable layering. It should 
be pointed out that this is the first time that surfactant adsorption has been studied using 
this technique, and as yet little is known about such factors. 
Other means of explaining these results might be that: 1. Multilayers are forming 
on top of the surface aggregates. (In such a case constant complfance would probably 
correspond to bilayer- bilayer contact.) Although one would not expect such behaviour 
until surfactant concentrations at which liquid crystals would form (at this temperature the 
lamellar La phase does not occur until >50 wt%),30 it has recently been shown that the 
sponge phase L3 and La phase can swell to as much as 99% water at high temperature 
(>50°C)31 . de Gennes32 has predicted that in "presmectic fluids" the proximity of two 
walls could induce a phase transition at some critical separation, resulting in an oscillatory 
but overall repulsive force, in much the same way that thermotropic liquid crystals 
experience a local reduction in the phase transition temperature near a surface.33 This 
possibility can be discounted, however as the oscillations should correspond to the width 
of the bilayer, and would be expected to have a longer range. 2. That micelles are 
adsorbing to the solloid surface. This explanation is also unlikely as, once again, the 
range of the jumps in Figure 5.5 would appear to be too small. 
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Figure 5.6 
Adsorption scheme for C12E5 on silica. Initially a small amount of adsorption 
takes place due to hydrogen bonding. (I) Then further adsorption takes place 
either through the direct adsorption of, or formation of, small aggregates (II, 
III). At concentrations about the cmc these aggregates have fused sufficiently 
to form intercalated bilayer structures, with a large headgroup area (IV). Above 
the cmc and after equilibration a classical bilayer forms (V) with a similar 
headgroup area to micelles (with which the adsorbate is in equilibrium). 
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5.2.2 Surface Potentials 
The observed trend in the surface potential tends to support the type of adsorption 
postulated above. Although it is not obvious why the surface potential should increase 
when nonionic surfactant is first added (on mica the potential was observed to decrease, 
but this was explained in terms of the different adsorption sites of metal and hydronium 
ions, Chapter 4), the gradual decrease in potential as the surface aggregates become more 
densely packed can easily be explained in terms of the lowering of silanol dissociation 
due to a locally reduced dielectric constant and the fact that the plane of charge, which is 
presumably still at the silica surface, is not at the contact position. The dramatic drop in 
potential between 4 x 1 Q-5 M and 1 o-4 M (-90 m V to -44 m V) is then due to the 
aggregates coalescing from discrete patches (which expose the silica surfaces to the 
solution in places) into bilayers (which shield the surface from the solution). The fact 
that the surfaces retained some residual charge would seem to indicate that the bilayer was 
at least slight! y defective. 
5.3 Conclusions 
An atomic force microscope has been used to measure surf ace forces between a 
colloidal sized particle and a smooth silica substrate, and the effect of nonionic surfactant 
upon these forces has been studied. It would appear that at very low concentrations ( z 
one third of the cmc) adsorption was sufficient to produce a sparse, weakly hydrophobic 
layer. A further increase in concentration leads to a reduction in adhesion and the 
screening of this layer by the adsorption of small aggregates which present a hydrophilic 
surface to the solution. This is in contrast to what one would expect from considering 
"classical" (ionic) surfactant adsorption to a (charged) surface where one would first 
expect an increase in hydrophobicity and growth of the surface monolayer. At 
concentrations slightly above the cmc the aggregates initially appear to have the character 
of closely packed regions of intercalated bilayers, which then undergo a transition to 
classical bilayer structures. 
This study also serves to demonstrate the wide application of this technique in 
surface science, particularly in the study of forces on colloidal sized particles. 
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5.4 Appendix 
It is very difficult to rigorously calculate a van der Waals force for the case of an 
adsorbed surfactant layer on silica as in Figures 5.2, 5.3 and 5.5 due to uncertainty about 
the layer thicknesses, position of the "true" silica surface, nature of the silica substates 
and how to treat the adsorbed layer. Figure 5.7 shows how the effective Hamaker 
constant would behave as a function of separation of two flat half spaces of amorphous 
silica each bearing (a) a 1.0 nm layer of dodecane and (b) a 5.0 nm layer of dodecane if 
the interaction is calculated for a 14341 system including retardation effects,35 -41 in 
different amounts of electrolyte. The assumption is that the oxyethylene chains, 
particularly for the 1.0 nm layer, would be in the water film and can be approximated as 
water. D = 0 corresponds to contact of the 2 layers. Such subtle effects on the van der 
Waals contribution to the force do not influence the interpretations of this work however. 
The calculations were performed by Dr P. Kekicheff. 
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Chapter 6 
Forces between Water-Plasma Modified Mica Surfaces in 
Solutions of Nonionic Surfactant 
6.1 Introduction 
109 
Recently, the range of surfaces that may be investigated by the technique of 
surface force measurement using the surface force apparatus1 has been greatly increased 
by the application of plasma modification. 2•3 It has been shown that water plasma 
treatment does not affect the molecular smoothness of the mica surf aces3.4 and thus one 
is able to study surfaces bearing active silanol groups, to which other molecules could be 
chemically anchored if required, in contrast to the chemically inert mica surface. The 
plasma treated mica surface, due to the presence of a high density of silanol groups, 
should then be a reasonable model for a silica surface. Such surfaces have therefore 
been employed to investigate surfaces forces in solutions of the nonionic surfactant 
pentaoxyethylene dodecyl ether, as the nature of the adsorbed aggregate of surfactants of 
this type has long been the subject of debate.5-15 Similar force measurements, using the 
AFM, were presented in the last chapter, however that technique is limited by the absence 
of an absolute zero in the distance measurement. Thus, if the water plasma treatment of 
mica does indeed lead to a good model silica surf ace, the results in these two chapters 
should be complementary. 
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6.2 Results and Discussion 
Figures 6.1 to 6.4 show the surface force between water plasma treated mica 
surfaces in solutions of C12E5 with concentration of NaCl of 5xl0-4 M. This gives a 
calculated nominal Debye length (~ 1 ) of 13.5 nm. All measured Debye lengths were 
within 1 nm of this figure (average 12.9 nm with 0.4 nm scatter). 
Figure 6.1 shows the force normalized by radius between two mica surfaces 
which have been plasma treated as described above. The surfaces met a hard wall 
repulsion alx>ut 4 nm from the contact position (D=O) measured before plasma treatment. 
The filled symbols were measured on approach of the surfaces and the open symbols on 
separation. The solid lines are fits of DL VO theory to the data, which yield the 
parameters 'V (surface potential)= -81 mV and ~l = 12.8 nm. The plane of charge is 
assumed to be at 4 nm. The force differed markedly to that measured between mica 
surfaces in a similar concentration of electrolyte (Figure 4.1). The attractive jump-in to 
mica-mica contact which arises due to dispersion forces was not seen between the plasma 
treated (P-T ) mica surfaces. Instead, a repulsive force, which deviated from the DL VO 
repulsion at short ( <7 nm) separations was observed. If the fact that the force wall was 
not at zero separation is ignored then the forces are consistent with the operation of a 
hydration force 1•16•17 and this is consistent with other studies of silica surfaces18-22 (see 
Fig 5.1) where the repulsion is thought to derive from water molecules hydrating the 
surface silanol groups. The experimentally determined surface potential is quite high 
but still within the range of values quoted in the literature (-40 to -83 mV) 18•20-24 and is 
similar to that obtained for silica in the previous chapter (-70m V) . It is possible that this 
range of values is as much due to surface roughness effects as to any difference in the 
surface chemistry of the samples and that the low values are in fact due to the potential 
determined being that at some distance from the "true surface". 
When the surfactant concentration was raised to 2 x l0-5 M (about one third the 
cmc25) then forces such as those in Figure 6.2 were observed. Filled symbols were 
measured on approach and open symbols were measured on separation. The force 
measurement represented by the circles was performed 15 hours after injection of 
surfactant and that represented by the squares 23 hours after injection. 
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Figure 6.1 
Force normalized by radius between water plasma-treated mica surfaces immersed in a 
5 x 104 M NaCl solution, plotted on a logarithmic scale. The surfaces meet a hard wall 
repulsion about 4 nm from the contact position (D=0) measured before plasma treatment. 
The filled symbols were measured on approach of the surfaces and the open symbols on 
separation. The solid lines are constant charge (upper) and constant potential (lower) fits 
of DLVO theory to the data using the non-linear form of the Poisson-Boltzmann equation 
according to the algorithm of Chan et al .. 33 , which yield the parameters 'V (surface 
potential)= -81 mV and ,c-l = 12.8 nm. The plane of charge is assumed to be at 4 nm. 
The attractive jump-in to mica-mica contact which arises due to dispersion forces is not 
seen between the plasma treated mica surfaces. Instead, a repulsive hydration force, 
which deviates from the DL VO repulsion at short ( <7 nm) separations is observed. 
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Force normalized by radius between plasma treated mica surfaces in a solution of 
5 x lo-4M NaCl and 2 x 10-s M C12E5 (about one third the cmc). Filled symbols were 
measured on approach and open symbols were measured on separation. The force 
measurement represented by the circles was performed 15 hours after injection of 
surfactant and that represented by the squares 23 hours after injection. Only very 
subtle changes have taken place in the force curve. The force wall is at 2. 9 nm and the 
hydration repulsion is much steeper and does not deviate from DL VO behaviour until~ 4 
nm. The solid lines have the same meaning as in Figure 6.1 and the DL VO fit is 
identical, ie 'V = -81 mV and K""l = 12.8 nm. 
---
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Only very subtle changes took place in the force curve. The force wall moved in 
slightly to 2.9 nm and the hydration repulsion became much steeper and did not deviate 
from DL VO behaviour until ::::: 4 nm. The solid lines have the same meaning as in Figure 
6.1 and the DLVO fit is identical to that in Figure 6.1, ie 'V = -81 mV and K""l = 12.8 
nm. Since the force wall actually became closer to "zero separation", but the range of 
the hydration force became less and the potential did not change at all, this would seem to 
indicate that very small amounts of surfactant adsorbed to the surface, and their only 
discernible effect was to disrupt the hydration force. A similar reduction in hydration 
force was observed26 (Figure 4.3) between mica surfaces with sufficient adsorbed 
sodium to promote a hydration force. 16 This, with other observations was cited in 
Chapter 4 as evidence for a weak adsorption which could only be inferred rather than 
observed directly through the presence of a force wall in the force curve. 
Raising the surfactant concentration to 5 x 1 Q-5 M had very little effect (Figure 
6.3, squares and circles, measured 18 and 39 hours after injection, respectively.) The 
DLVO fit gave the parameters 'V = -78 mV and K"" 1 = 13.2 nm. - The force wall and 
assumed plane of charge were still at 2.9 nm from the original measured contact. 
However a further increase in concentration to 1 x 10-4 M (::::: 1.7 x the cmc) did produce 
evidence of further adsorption (Figure 6.3, crosses, measured after 31 hours). The 
surface force started to deviate repulsively from DL VO theory at about 7 nm from 
"absolute zero" and reached a hard wall at::::: 3.5 nm. In contrast to the previous force 
curves this hard wall was slightly adhesive. That this is the case can be seen by the fact 
that the forces measured on separation (open diamonds) did not follow the same path as 
the inward curve, but the surf aces rather retained the same position as a separating voltage 
was applied to the piezo, until a force of about 2,500 µN/m was reached, at which point 
they jumped out slightly to approximately 7 .5 nm from zero, or 4 nm from the force wall. 
This would appear to indicate that more surfactant adsorbed once the concentration was 
greater than the cmc. The range of the repulsion from the force wall was 2.5 nm, but it is 
probably only coincidence that this is the same length as the extended surfactant molecule. 
Presumably the adsorbed surfactant had an average thickness of::::: 1.3 nm per surface. 
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Figure 6.3 
Force normalized by radius between plasma treated mica surfaces in a solution of 
5 x 10-4M NaCl. Filled symbols were measured on approach, open symbols on 
separation. The force measurements depicted by the squares and circles were measured 
18 and 39 hours respectively after the concentration was raised from that in Figure 6.2 to 
5 x 10-s M C12E5. The DLVO fit gave the parameters 'V = -78 mV and 1(""1 = 13.2 nm. 
The force wall and assumed plane of charge were still at 2.9 nm from the original air 
contact. When the concentration was raised further to 1 x 104 M (::::: 1.7_x the cmc) the 
measurements depicted by the crosses (inward) and diamonds (outward)were obtained, 
after 31 hours. The surface force started to deviate repulsively from DL VO theory at 
about 7 nm from "absolute zero" and reached a hard wall at ::::: 3.5 nm. This hard wall 
was slightly adhesive. 
--
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Since the outward curve did not reveal this repulsion, but rather jumped out, it would 
seem that the adsorbed material is pushed out, leaving a few surfactant molecules trapped 
parallel to the surfaces. The difference in the positions of the force walls was 
approximately 0.6 nm and it is reasonable to suppose that this is the thickness of a single 
layer (or sublayer) of oxyethylene chains. This is supported by the work of Christenson 
and Hom27 who determined that a molecular layer of ethylene glycol trapped between 
mica surfaces had a thickness of =0.5 nm. 
When the system was allowed to equilibrate even further the forces in Figure 6.4 
were observed. The squares and circles represent force runs performed a further 17 and 
21 hours later respectively. Once again the filled symbols were measured on approach 
and the open symbols were measured on separation. The forces in the intervening 
period were characterised by a gradual increase in the separation at which the repulsion 
became a hard wall. In all other respects they were irreproducible and there was a large 
hysteresis between inward and outward runs, often caused by drifts. The force wall 
moved out to 24 nm from contact. The DLVO fit gives parameters of 'V = -28 mV and 
K-1 = 12.5 nm assuming that the plane of charge is at the hard wall. However the 
electrostatic part of the force is almost exactly equivalent to the tail of the electrostatic 
repulsion in Figure 6.2. This seems to indicate that, whatever the nature of the material 
causing the repulsion, it did not effect the interaction until some critical separation at about 
35 nm. The most likely explanantion for this is as follows: If bilayers form on each 
surface they may, at some critical separation induce a phase change in the capillary. 
Indeed, formation of bilayers may not even be a requirement for this to occur as it has 
been shown that the proximity of two walls in an isotropic, presmectic fluid should have 
the effect of inducing a smectic layering, which gives rise to a repulsive interaction, at 
some critical separation of the walls.28 Now the system under examination would not 
ordinarily be referred to as presmectic, as at .005 wt% it is a long way from the isotropic-
lamellar phase transition which at room temperature occurs at about 55wt%, but it has 
been shown that for this surfactant the lamellar La phase can swell to 98.8% water and 
the isotropic L3 sponge phase to 99.5% at higher temperatures (>50°C).29 Moreover the 
2 phase micellar L1/L3 region at these temperatures extends to as low a concentration as 
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Figure 6.4 
Forces measured in the same system as in Figure 3 after a longer equilibration. The 
squares and circles represent force runs performed a further 17 and 21 hours later 
respectively. The filled symbols were measured on approach and the open symbols were 
measured on separation. The surf aces could not be made closer than 24 nm from 
contact using the piezo. The DLVO fit gives parameters of 'V = -28 mV and K""1 = 12.5 
nm assuming that the plane of charge is at the hard wall. However the electrostatic part 
of the force is almost identical to the tail of the electrostatic repulsion in Figure 6.2 
(dashed line). 
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the room temperature cmc. Now it is well known that an interface can dramatically affect 
the phase transition temperature for liquid crystals30 and there is no reason to suppose 
that the same effects would not occur in a lyotropic system, particularly one which 
displays the temperature sensitivity that the C12E5-water system does. 
So as the surfaces (possibly bearing bilayers) approach they experience DLVO 
repulsion, until some critical value of the separation (alx>ut 35 nm) where the proximity of 
the surfaces induces a phase change, which in tum causes an extra repulsion. Now if the 
phase change were to lamellar one would expect to see some oscillations in the force 
unless fluctuations in layer positions were possible, and one would also expect the 
surfaces to approach more closely. If the transition were to the sponge phase however, 
it is not obvious what nature the force would have. 
6.2.1 Comparison with Force Measurements on Silica 
There is a marked contrast between the surface force measurements presented 
here, and tho~e determined between a silica particle and silica substrate in solutions of the 
same surfactant (Chapter 5) by the AFM colloid probe technique. At surfactant 
concentrations below the cmc there was evidence for the adsorption of surfactant 
molecules in small pre-micellar aggregates. At higher concentrations (around the cmc) 
the adsorbed surfactant had the form of intercalated bilayers, which eventually became 
classical bilayers after a long (24 hr) equilibration in 1 x 104 M C12E5. For the case of 
plasma treated mica there is no significant adsorption (such that the force profile is 
changed by an additional steric repulsion or attractive forces) until after the cmc. 
There would seem to be two possible explanations for this discrepancy based on 
considerations of the two possible differences between the surfaces studied. The first is 
that the plasma treatment of the mica may well cause the hydration properties of the 
surface to be quite different to that of silica by exposing groups which do not normally 
exist at the silica surface. The bulk behaviour of polyoxyethylene surfactant solutions is 
very dependent on its hydration conditions (the phenomenon of the cloud point is due to 
partial dehydration of the headgroups) and it is to be expected that this will also be the 
case at a surface. Aluminium, in particular, is usually very strongly hydrated and if it is 
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exposed at the surface would greatly alter the conditions for adsorption which might then 
become unfavourable. However Parker et al have shown that the ESCA signal for Al is 
reduced sufficiently after plasma treatment to indicate almost quantitative removal from 
the first (surface) layer, so if a hydration effect were in oper.ation it would probably be 
due to a species other than Al. 
Alternatively the explanation may lie in the relatively higher surface roughness of 
the silica surface and the mechanism of the surfactant adsorption. The hydrogen bonding 
of the polyoxyethylene chain to a silanol group is expected to be energetically a far 
weaker process than, say, the adsorption of a cationic surfactant to a negative site. Thus 
the adsorption does not build up gradually with concentration through a site binding 
process, followed by hydrophobic association in the way that ionic adsorption does. 
Kekicheff et al 31 observed the effects of adsorption of cetyl trimethylammonium ions on 
surface forces over a concentration range up to the cmc of three orders of magnitude. In 
contrast, nonionic surfactants do not start to adsorb until a concentration of the order of 
one fifth of the cmc and reach plateaux at about the cmc. 12·32 This, in itself, strongly 
suggests that adsorption does not occur through monomer adsorption where the entropic 
loss would probably outweigh the enthalpic gain, but rather occurs through the 
adsorption of premicellar aggregates where the entropy loss per molecule is much lower. 
However, the enthalpy gain would also be correspondingly less since not all the 
molecules in the aggregate hydrogen bond with the surface. If the surface is slightly 
rough, however, and its curvature mimics that of the adsorbing aggregate then more of 
the molecules within the aggregate are exposed to silanol groups than would be possible 
on a smooth, flat surface and the enthalpy gain of the adsorption is raised. Thus 
adsorption would occur more readily on a rough surface than on a smooth surface, until 
the cmc is reached where the favoured surface aggregate is a bilayer of low curvature. 
The reason that the long-ranged force in Figure 6.4 was not observed in the AFM 
experiment is probably due to the fact that the surfaces were not equilibrated for the same 
length of time. Moreover the AFM force measurements are performed in 0.5 seconds 
and this is probably too fast to allow a phase change to take place. 
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6.3 Conclusions 
The adsorption of C12E5 to water plasma treated mica reveals that the surface 
cannot be treated as a perfect model silica surface. Instead of displaying similar trends to 
forces measured between silica surfaces in the same solutions, the measurements show 
no evidence of adsorption below the cmc other than a slight dehydration of the surface 
similar to that observed in the related system described in Chapter 4. Adsorption begins 
to take place above the cmc but the forces do not correspond to the formation of a bilayer. 
Instead there is initially a 2.5 nm repulsion which grows to an almost vertical force wall 
24 nm from contact. The differences must be due to different hydration conditions on 
the surfaces or to differing roughnesses, with rougher surfaces permitting the adsorption 
of small aggregates. The long range non-DL VO repulsion is probably due to the 
surfaces locally inducing a phase change to a structured phase, which occurence 
theoretical predictions show to be repulsive. 
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Chapter 7 
Force Measurements in Solutions of a Highly Charged Cage 
Surfactant 
7.1 Introduction 
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A small group of cationic surfactants exist which have been dubbed Cage Surfactants. 
Like other surfactants they consist of two moieties, a hydrocarbon tail and a charged 
headgroup but it is the nature of the headgroup which sets these surfactants apart from others. 
It consists of a Cobalt III ion trapped in a cage consisting of ethylenediamine ligands and in 
some of the surfactants, primary and secondary amines are associated with the headgroup 
giving them the possibility of attaining a charge as high as +5. The encapsulated cobalt ion 
headgroup is the prcxluct of the reaction of [Co(sen)]Cl3 with nitromethane and formaldehyde 
in a basic solution1, where sen is CH3C(CH2NHCH2CH2NH2)3. The formal name of the 
macrobicyclic hexaamine cage alone is 3,6, 10, 13, 16, 19-hexaazabicyclo [ 6,6,6] eicosane. It 
is not surprising, therefore, that there are several trivial names for these surfactants. 
Individual molecules are usually referred to as CS 1, CS2 etc (Cage Surfactant) These 
surfactants are also known as "Sarcophagi" which has led to yet another term for the 
headgroup - "diamsar" (DIAMine SARcophagus). The synthesis of cage surfactants is 
given in references 1 and 2. 
The primary interest in these surfactants arises from their effects in controlling 
tapeworm in sheep, although the mechanism of their biological activity is not fully 
understood. It has been suggested that they attack the tape worm in much the same way that 
cationics cause suppression of the immune system in humans. 
The high charge of these surfactants, and the bulkiness of the headgroups with 
respect to the hydrophobic tail warrants an investigation of their adsorption to an anionic 
surface. This chapter deals with surface force measurements performed in solutions of a 
surfactant which, for convenience, has been termed CS 1. The surfactant has two amine 
groups associated with the diamsar and exists predominantly as CS 15+ in solution. 
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7.2 Results 
The structure of the surfactant CS 1 is given in Figure 7 .1. It can be seen that it can 
exist in three different charged states due to protonation of the two amine groups; as CS 15+, 
CS 14+ and CS 13+. (At concentrations above about 5 x 1 o-s M the surfactant exists 
predominantly as CS 15+.) As a result of this the pH of the solution varies as a function of 
concentration. The solution pH as a function of CS 1 concentration is shown in Table 7 .1. 
(Mrs J. Burnett is gratefully acknowledged for performing the pH measurements.) The pH 
data can be fitted assuming the two sites have identical, independent dissociation constants; a 
reasonable assumption given that the two groups are on opposite sides of (and at equal 
separations from) the triply charged species. 
On the basis of this assumption, and assigning K, x and y to be the dissociation 
constant, the concentration of CS 14+ and the concentration of CS 13+ respectively, where C 
is the total concentration of surfactant, then: 
x[H+] K = _ ____:;______::__ 
2(C-x-y) {7 .1} 
{7 .2} 
[H+] = x + 2y {7 .3} 
Since the pH behaviour is known as a function of C these equations can be solved to obtain 
K, x and y. If a pKa of 4.0 is assigned to each acidic group then the system would be 
expected to display the pH behaviour shown in column 3 of Table 7 .2 (pH*). This provides 
a good fit to the data (given the error usually associated with pH measurements) except at the 
lowest concentration -value; however inaccuracy at this concentration is expected due to 
dissolved CO2 in solution. 
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Co3+ 3Cr 
Figure 7.1 
The Cage Surfactant CS 1. The Cobalt(ill) ion is trapped inside the ethylenediamine cage, by 
which it is complexed. The two amine groups give the surfactant the capacity to attain a 
charge of 5+ in solution. They are assumed to have identical dissociation constants and 
assuming a pK of 4.0 gives a good fit to the pH data at different concentrations. 
124 
Table 7.1 
C is the total concentration of surfactant, pH is the measured pH of the solutions and pH* is 
the expected pH if the two acidic sites have identical dissociation constants such that pKa=4.0 
C(mol/litre) pH pH* 
7.81 X lQ-S 4.45 4.1 
1.55 X 10-4 4.05 3.9 
7.81 X 10-4 3.52 3.5 
1.56 X 10-3 3.20 3.3 
3.91 X 10-3 3.01 3.1 
The assumption of equivalence between the two amine groups would be expected to 
lose its validity above the cmc, where the secondary amine would not be in contact with the 
aqueous phase. The cmc for this surfactant, determined from conductivity measurements, 3 
was found to be 1.6 x 10-3M. Below the cmc the conductivity is due only to the dissociated 
free ions. Above the cmc the surfactant molecules aggregate into micelles and there is 
binding of the counterions and/or dissociation of bound hydrogen ions so the slope of the 
conductivity vs concentration curve changes accordingly. The cmc is determined as the 
intersection point of the extrapolations of these two linear regimes.4 A surfactant with the 
same Co3+ complex headgroup, but without the amine groups, did not display the break in 
conductivity at the cmc that CS 1 did, suggesting that the secondary amine is indeed in a 
different environment above the cmc. Unfortunately, the amount of surfactant available was 
too small to allow pH measurements at higher concentrations. 
A knowledge of the relative amounts of the charged surfactant species present in 
solution is important when considering force measurements, as this information is required to 
calculate the De bye length according to equation { 1.8}. Figures 7 .2 to 7 .4 show force 
measurements performed in three concentrations of CS 1. 
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Figure 7.2 
Surface Force in a 2.58 x 10-5 M solution of CS 1. The lines are constant charge and 
constant potential fits for DL VO theory for a 3: 1 electrolyte with the parameters 'V = 34m V 
and K""1 = 21.0 nm. The surfaces jump into a wall which is 1.2 nm from mica - mica contact 
at a force of 10 mN/m. The jump distance was about 12 nm and the pull-off force was 24 
mN/m. 
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40 50 60 
Surface Forces in 1.39 x 10--4 M CS 1. The different symbols correspond to 4 different 
runs in two different experiments with equilibration times between 2.5 and 4 hours. The 
solid lines are fits of DLVO theory for 3: 1 electrolyte to the data, with the parameters 'V = 
53m V and K = 7 .8 nm. The surf aces jumped in to a force wall at 1.1 nm from mica - mica 
contact. The pull - off force was 37 mN/m. 
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The curves have been fitted with DL VO theory as previously (see Chapter 2) using a program 
for 3: 1 electrolyte. This is only an approximation as for concentrations above about 10-4M 
the surfactant exists predominantly in its 5+ form. For a 5: 1 electrolyte the use of the 3: 1 
algorithm for a negatively charged surf ace is expected to be a very poor approximation. 
Figure 7 .5 shows how the DL VO repulsion would behave for 2 surfaces interacting at 
constant charge in solutions with Debye length 10.0 nm and with surface potentials at infinite 
separation of -100 m V. The uppermost curve is for 1: 1 electrolyte, the next is for 2: 1 
electrolyte and the lowest is for 3: 1 electrolyte. Extending the trend it can be seen that the 
algorithm for a 3: 1 electrolyte would grossly underestimate the surface potential for a force 
curve measured in 5: 1 electrolyte, and also the Debye length would be difficult to fit as the 
"linear" part of the interaction would occur at immeasurably small forces. 
However if the surf aces are positively charged then the approximation becomes much 
better. Figure 7 .6 shows the DL VO interaction for the same conditions as in Figure 7 .5 with 
the surface potential now+ 100 mV. The uppermost curve is calculated using the algorithm 
for 3: 1 electrolyte and the lowest is for 1: 1 electrolyte. It can be seen that if the trends were 
extended for 4:1 and 5:1 electrolyte the 3:1 approximation would give a reasonable fit both to 
the potential and to the decay, especially at small separations. Note that that at about 2 to 4 
De bye lengths from zero separation there is a pseudo linear region of the force curve ( on the 
logarithmic scale). The slope of this region is NOT the Debye Length which means that it 
cannot be obtained from fitting a straight line to the Log F/R. vs separation curves as done by 
Kekicheff and Ninham in a previous investigation of asymmetric electrolyte. 5 The slope 
does not correspond to the Debye length until larger separations where the experimental 
resolution is much reduced. 
When the concentration of CS 1 was increased from zero to 1.1 x 10-5 M in the 
surface force apparatus the double layer repulsion was initially reduced from that in pure 
water, but could not be fitted using DLVO theory for 3: 1 electrolyte. A hard wall repulsion 
was encountered at about 1.0 nm from contact but this could be overcome and the surfaces 
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achieved mica-mica contact. The pull-off force was not appreciably reduced from that in 
water. (- 90mN/m) 
After 1.5 hours equilibration the surfaces were neutralized and the double layer 
component of the interaction disappeared. The hard wall at approximately 1.0 nm could still 
be overcome and the surface achieved primary minimum without loss of adhesion. The 
surfaces jumped from about 7 nm into the force wall, which was overcome by applying a 
load of about 0.1 mN/m. 
However after a further 1.5 hours equilibration the adhesion dropped to about 
16mN/m, as the force wall could no longer be overcome. The surfaces jumped into a 
separation of about 2.0 nm but this could be compressed to about 1.5 nm at a force load of 
lOmN/m. Further equilibration (approximately 1 hour) led to an immeasurably small double 
layer repulsion (force maximum about 50 µN/m) as the mica charge became slightly over-
compensated. When the concentration was raised to 2.6 x 10-5 M CS 1 the force measured in 
Figure 7 .2 was obtained, after a 2 hour equilibration. The surfaces jumped from 12 nm into 
a force wall at 1.5 nm, which was compressed to 1.2 nm under a force load of 10 mN/m. 
The force could be fitted using DLVO theory for 3: 1 electrolyte, giving parameters of 'V = 
+34 mV and K"" 1 = 21.0 nm. The jump-in was in the range predicted by DLVO theory, so at 
this stage there was no evidence for a hydrophobic attraction. 
When the concentration was increased to 1.39 x 10-4 M CS 1 the forces shown in 
Figure 7 .3 were measured. The different symbols correspond to 2 different experiments, 
with equilibration periods of 2.5 to 4 hours. The parameters of the fit for 3: 1 DL VO theory 
are 'V= +53 mV and ,c-1 = 7.8 nm. The thickness of the trapped layer was 1.1 nm. The 
surfaces jumped into contact from around 2 nm, but this is still commensurate with DL VO 
theory. The adhesion increased slightly such that pull-off force increased with equilbration to 
37 mN/m. No compression of the force wall was observed, but the force load at which the 
jump took place corresponded to the forces at which the layer was compressed in Figure 7 .2. 
100000 
10000 
a 
1000 
100 
10 
0 
Figure 7.4 
• 
5 10 
Distance (nm) 
15 
129 
• 
20 
Surface forces in 1.55 x 1 Q-3 M CS 1. (The cmc is 1.6 x 1 Q-3 M. 3) The solid symbols were 
measured after an equilibration of 3.5 hours. The lines show a DLVO theory fit to the data for 
3: 1 electrolyte. The surfaces jumped from 5.0 nm into a force wall at 1.6 nm which was 
then compressed to 1.4 nm by applying a larger force. The jump-in was larger than predicted 
by DL VO theory indicating that a hydrophobic attraction might have been in operation. 
However the pull-off force was reduced to 8 mN/m. The parameters from the fit were 
'V = +75 mV and K"1 = 2.7 nm. The open squares represent a force run p~rformed shortly 
after 6.2 x 10-5 moles of NaOH were injected into the S.F.A. There was no effect on the 
Debye length or the surface potential, but the surface jumped straight into 1.0 nm from 
contact. The pull-off force remained unchanged. 
... 
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When the concentration was increased to 1.55 x 10-3 M CS 1 the forces represented 
by the closed symbols in Figure 7 .4 were observed, after an equilibration of 3.5 hours. The 
surfaces jumped from 5.0 nm into a force wall at 1.6 nm which was then compressed to 1.4 
nm by applying a larger force. The jump-in was larger than predicted by DL VO theory 
indicating that a hydrophobic attraction might have been in operation. However the pull-off 
force was reduced to 8 mN/m. The DLVO parameters from the 3: 1 fit were 
'V = +75 mV and 1e1 = 2.7 nm. 
The open squares represent a force run performed shortly after 6.2 x 10-5 moles of 
NaOH were injected into the S.F.A. There was no effect on the Debye length or the surface 
potential, but the surface jumped straight into 1.0 nm from contact while the pull-off force 
remained unchanged. This would seem to indicate that there was no resultant change in the 
adsorbed layer. 
7 .3 Discussion 
It is useful to compare the adsorption characteristics of CS 1 to those of DAH+ 6. 
Despite the fact that CS 1 has a smaller hydrocarbon tail, and a much higher charge, the two 
surfactants have approximately the same cmc.(CS 1 1.6 x IO-3M 3, DAH+Cl-, 1.4 x IO-3M 6) 
However the nature of the diamsar headgroup on CS 1 accounts for this. Although the 
diamsar is highly charged, it is very large (head group area ~ 1.5 nm2, calculated from the 
Gibbs Adsorption Isotherm4, whereas from Dreidinger models the cross-sectional area of the 
headgroup is about 0.64 nm2 4). 
Thus the average charge density in the micelle would be of the same order as that of a 
micelle of DAH+ or CT A+. In addition, the cage structure enclosing the cobalt ion would be 
expected to provide a contribution to the hydrophobic effect. The lone pairs of electrons on 
the nitrogen atoms are involved in a ligand bond to the cobalt ion and would therefore be 
unavailable for hydrogen bonding with the solution. Thus the cage structure would be 
expected to be somewhat hydrophobic overall and, in solution, would therefore cause water 
molecules to form a large cavity of unfavourably structured water molecules around it. 
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A comparison ofDLVO theory for 1:1, 2:1 and 3:1 electrolyte. In each case the interaction is 
plotted for constant charge using the parameters 'V = -1 00m V and 1c 1 = 10.0 nm. The 
potential falls away much faster near the surface for more highly charged positive ions, 
leading to a much lower force maximum. Thus, fitting a z+n: 1 electrolyte (n an integer) with 
DL VO theory for z: l electrolyte is meaningless in this situation. 
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Figure 7.6 
A comparison of DL VO theory for 1: 1, 2: 1 and 3: 1 electrolyte. In each case the interaction is 
plotted for constant charge using the parameters 'V = + 1 00m V and 1c 1 = 10.0 nm. The 
highly charged ions are depleted near the surface and thus the difference between the different 
interactions is much less. The force maximum is almost identical for the three cases. Thus, 
fitting a z+n: 1 electrolyte (n an integer) with DL VO theory for z: 1 electrolyte is a reasonable 
approximation for a positive surface. 
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As it is the surface area of the cavity, rather than the actual amount of hydrophobic material 
which is important in the hydrophobic effect, the hydrophobic contribution of the headgroup 
should play a significant role in causing the surfactant to aggregate at the cmc. The difference 
between the molecular area of the diamsar, and its area in a film at the air water interface at the 
cmc would seem to indicate that that the headgroups would not be in close contact in the 
micelle and thus the amount of unfavourable water structuring would not be greatly reduced, 
but this is probably due to the headgroup tilting to pack more parallel to the air-water interface 
to remove some of the cage from solution as well as the hydrocarbon chain. 
At a concentration of slightly less than 1/lOOth of the cmc both DAR+ and CS 1 
neutralize the mica surf ace. The extended length of a CS 1 molecule calculated from a 
molecular model is 2.6 nm, so the layer thickness observed at 1.1 x 10-5 M CS 1 (see Table 
7 .2) corresponds to approximately the same fraction of a monolayer as a DAR+ layer at the 
same concentration. 6 As for DAR+ , increasing the concentration of CS 1 further leads to an 
increase in the surface potential. However, the adsorbed layer thickness did not increase with 
increasing concentration in the way that it does for DAH+ and other surfactants, as the 
molecules pack closer together, with the chains more extended. In fact, the thickness of the 
layer decreased slightly. 
Herder6 has shown that for neutralized mica surfaces in surfactant systems, much of 
the lattice charge is still neutralized by hydrogen ions. Thus it is difficult to draw any 
conclusions about the amount of surfactant adsorbed at low concentrations. However at high 
concentrations it is reasonable to assume that all the mica lattice charge is neutralized by 
adsorbed surfactant. So, from the surface charge density in Table 7 .2 and the known mica 
lattice charge density, it is possible to calculate that the positive charge density at the surf ace 
due to adsorbed surfactant is 2.2 electronic charges/nm2. If it is assumed that all the 
surfactant adsorbed is CS 13+ then the adsorbed area per molecule is 1.4 nm2. This is slightly 
smaller than the corresponding headgroup area at the air-water interface at the cmc, but that is 
to be expected given that electrostatic repulsion between the headgroups would be less due to 
the negative mica lattice. If, however, the distribution of charged species in the adsorbed 
.... 
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layer is the same as in the bulk, then the area per molecule would be 2.1 nm2. It seems 
unlikely that surfactant molecules would be less tightly packed under conditions of lower 
electrostatic repulsion. The fact that the concentration of CS 13+ would be raised relative to 
CS 14+ and CS 15+ by its Boltzmann distribution at the positively charged surface would also 
tend to support a preponderance of CS 13+ in the adsorbed layer. 
Table 7.2 
Data obtained from surface force measurements in CS 1 solutions. The layer thickness is the 
total thickness of the film preventing achievement of primary minimum. F(0)/R is the pull-
off force normalized by the mean radius. 'V,CJo and K-1 were obtained by fitting the 
experimental data in Figures 7.2 to 7.5 with DLVO theory for 3:1 electrolyte. K-1 calc is the 
classical Debye length calculated for the solution on the basis that the two acid sites are 
identical and have pka = 4.0. K- 1 * is the calculated Debye length multiplied by a correction 
term for asymmetric electrolyte, first proposed by Mitchell and Ninham 7 and extended to 
solutions of multiple electrolytes by Knackstedt and Ninham. 8 
cmc layer F(0)/R 'V <Jo 1(-1 K- 1 calc 1(-1 * 
(M) thickness (mN/m) (mV) charges/ (nm) (nm) (nm) 
(nm) nm2 
l. lxl0-5 l.~0 90 0 - - 30.5 29.9 
( +3hrs) 2.~1.5 16 0 - - 30.5 29.9 
2.58xl0-5 1.5~ 1.2 24 34 .0060 21.0 19.1 18.4 
l.39x104 1.1 37 53 .026 7.8 7.5 6.5 
1.55xl0-3 1.4 8 75 .122 2.7 2.1 1.8 
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Experimental evidence for preferred adsorption of CS 13+ is the observation that, on addition 
of hydroxide ions to the solution the surface potential did not change. Since the tendency of 
the hydroxide would be to reduce the concentrations of CS 14+ and CS 15+, the fact that the 
surface charge was not altered indicates that CS 13+ is the preferred species for adsorption. 
Thus, the small measured layer thickness is due to the fact that it corresponds to steric 
interaction of the headgroups, not the hydrocarbon chains. The surfactant is so highly 
charged that the surface attains a high positive charge before the adsorption density is high 
enough to cause an increase in layer thickness. In fact, hydrophobic association of the chains 
is probably not possible in a monolayer arrangement given the large headgroup area. Due 
to charge separation considerations one would expect that the headgroup would want to lie 
flat on the surface (this would be especially true if the amine groups were charged) to 
minimise the separation of the cobalt ion and the mica surf ace. The calculated area per 
molecule at high concentration is consistent with the surfactant headgroups lying down on the 
surf ace or being slightly tilted. 
One of the most significant differences between the behaviour of CS 1 and DAR+ is 
the fact that CS 1 does not form a bilayer at concentrations close to the cmc. For DAR+ and 
CTAB, a bilayer forms at half the cmc whereas at 0.95 cmc CS 1 displays hydrophobic 
character. (It is not possible to determine whether this arises from significant areas of 
hydrocarbon surface, or whether the cages themselves are hydrophobic enough to cause a 
slight hydrophobic attraction.) It is puzzling that the adhesion does not reflect this at all. 
However, once again, contact corresponds largely to headgroup-headgroup contact, which 
must be neutralized by hydrated Cl- ions. The explanation for the absence of a bilayer lies in 
the relative sizes of head group and tail. The surfactant parameter9, s, is a powerful tool for 
predicting the shape of aggregates formed by a particular surfactant. It is calculated by the 
simple equation 
{7 .4} 
.... 
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where V and.Qare the volume and extended length of the hydrocarbon tail respectively and a 
is the headgroup area. In general if s < j the surfactant forms spherical micelles and if 
} < s < } it forms less curved, cylindrical micelles. For larger values of s, vesicles and 
bilayer structures are formed (s = 1 corresponds to zero curvature) and for s > 1 inverse 
micelles form. The surfactant parameter for this surfactant is estimated to be of the order 
0.14, using the headgroup area 1.5 nm2, and so would tend to form highly curved structures. 
Even if the hydrocarbon chain were completely compressed, or if intercalation were to occur, 
it is unlikely that the surfactant molecules would be able to form the sheet structure required 
for a bilayer without causing cavities in the hydrocarbon tail region. 
7.3.1 Comparison of measured Debye lengths with theory 
The decay lengths obtained from fitting Poisson-Boltzmann theory for 3: 1 electrolyte 
to the data in Figures 7 .2 to 7.4 are shown in Table 7 .2. Also shown is the classical Debye 
length, and a theoretical decay length corrected for asymmetric electrolyte. The correction 
was proposed by Mitchell and Ninham in 1978 and extended to systems of multiple 
asymmetric electrolyte by Knackstedt and Ninham 7, 8. In each case the corrected decay 
length is less than the Debye length. 
However the experimentally determined decay lengths are longer than the Debye 
length calculated for the solution, and for the highest concentration the difference is 
particularly pronounced. This, at first sight, would tend to cast doubt on the validity of the 
correction term. However, experiments in the very asymmetric 12: 1 electrolyte of 
cytochrome C10 have shown that the theory is well borne out. An alternative solution must 
therefore be sought. At least two reasons for the difference are required to achieve this 
solution. The first, which might explain the observed increase in decay length compared to 
theory at lower concentrations, concerns the fitting procedure. It must be remembered that 
the 3: 1 electrolyte DLVO analysis is only an approximation. Consideration of Figure 7.6 
shows that one difficulty with using a fitting program written for lower z, is that it would 
L' 
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tend to slightly overestimate the Debye length, even though the potential is quite accurately 
obtained from the short range part of the curve. This might be sufficient to explain the 
difference between theory and experiment for the two lower concentrations but is certainly 
not a large enough effect to explain the difference for the highest concentration. (It should be 
noted that the correction term for this concentration is too large for the linearization 
approximation made7 to be valid, however the correction term would still lead to a decay 
length of this order.) 
One possibility is that micelles or premicellar aggregates had formed in this solution 
reducing the bulk concentration of surfactant monomer. Moreover the micelles would be 
excluded from the force measuring region and so only monomers and the chloride and 
hydrogen ions associated with molecules in the micelles would affect the decay length. It is 
difficult to treat this quantitatively since it is impossible to say what fraction of the surfactant 
molecules would be in micelles, or to what extent chloride and hydrogen ions would be 
bound. 
One ca~ treat the micelle formation problem in two ways, which would represent the 
two extremes of the true situation. One can assume that the micelles consist of CS 13+ 
molecules, with no chloride binding. This means that all the hydrogen ions and chloride 
ions assigned to molecules in the micelles contribute to the calculated decay length. 
Alternatively, the micelle can be treated as consisting of CS 15+ molecules, with two bound 
chloride molecules per surfactant. In this case none of the hydrogen ions assigned to 
\ 
molecules in the micelles contribute to the calculated decay length and only 3 of the Cl- ions. 
In the former scenario the cmc would have to occur at 3.8 x 104 Mand in the second 
at 4.7 x 10-4 M for the micellar exclusion theory to explain the difference between the 
measured and predicted decay lengths. These figures are so completely different to the 
measured cmc that this explanation alone cannot suffice. It has recently been suggested, 11 
and preliminary results seem to confirm, that the activity of the ion should be used for 
calculating the decay length rather than the concentration. At low concentrations the activity 
closely approximates the concentration, whereas at high concentrations there is a significant 
--
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correction required. Thus, the results of Kekicheff in cytochrome C, which were performed 
at very low concentrations, agree with the asymmetric electrolyte correction term. However 
at high concentrations the activity consideration becomes the dominant factor and the decay 
length is actually longer than the Debye length. 
7 .4 Conclusion 
Adsorption of CS 1 to mica with the monolayer/bilayer behaviour displayed by other 
cationic surfactants is inhibited by the large volume and high charge of the diamsar 
headgroup. At high adsorption densities the surfactant adsorbs only in the CS 13+ form. 
The headgroups lie flat, or slightly tilted on the mica surface and even in their most packed 
configuration hydrophobic aggregation of the hydrocarbon chains is impossible as surfactant 
packing considerations show that a highly curved structure is required for the surfactant 
chains to be able to aggregate hydrophobically. Thus charge reversal may take place without 
the ~urfaces becoming hydrophobic. The lack of hydrophobicity and the geometry of the 
molecule precludes the possibility of bilayer formation since even at ·the cmc no bilayer was 
observed. The fact that the tendency of this surfactant is to form highly curved structures 
might lead to applications where adsorption is required to very rough surfaces. The 
behaviour of the measured decay length compared to theory suggests that, for asymmetric 
electrolyte at high concentrations factors such as the activity need to be considered. 
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There are a vast number of applications involving adsorption of surfactants to 
colloidal particles. The surface force measurement technique is a valuable tool in this field as 
it provides direct information on the manner in which surfactants modify the surface forces 
governing the stability of the colloids. The surface forces between surfactant bilayers also 
model the force between biological cells, as adsorbed bilayers resemble those from which the 
cell membrane is constructed. Moreover, the orientation of adsorbed surfactant molecules 
can be determined from the layer thickness, the pull-off force and the nature of the solvation 
forces operating. An estimate of the amount of surfactant adsorbed can also be gained from 
the layer thickness and the surface charge. 
Two techniques have been employed to measure surface forces involving surfactants 
in this work. The SFA technique has the enormous advantage that it allows determination of 
the absolute separation between mica surfaces. The film thickness can therefore be measured 
very precisely and this allows an accurate assessment of the nature of the contact between the 
surfaces (i.e. whether it corresponds to the contact of two monolayers, bilayers or to contact 
of the mica surfaces themselves). In general this makes the interpretation of the observed 
surface forces a relatively easy task. However, the drawback of the technique is that the 
number of substrates which can be examined is limited. Moreover, the surface forces 
between, and the adsorption to, two homogeneous smooth surf aces may give a false picture 
of the situation for two interacting colloidal particles, which would be complicated by surface 
roughness and heterogeneity. The AFM on the other hand permits the measurement of 
surface forces on a "real" colloidal particle. (Measurement of the interaction between two 
colloidal particles has not yet been achieved and the technical difficulties associated with such 
a measurement probably outweigh any scientific benefit to be gained from it.) With the 
colloid probe technique, though, it is often impossible to push through layers to determine 
their thickness, if the layers are strongly bound. (The normal silicon nitride tip of the AFM 
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has a radius of the order of tens of nanometers and with such a radius it is generally possible 
to push through an adsorbed layer.) Thus the measured surface forces may be much more 
difficult to interpret, due to unknown film thicknesses and because of local surface 
roughness. Currently, a deficiency of the AFM surface force technique is the lack of control 
of measurement speed. If the commercial software provided with the AFM could be 
overriden to allow equilibrium measurements with varied approach speeds and set periods 
between force runs then the results would be considerably more reliable. To achieve this it 
will probably be necessary to have an alternative means of determining the separation (for 
example a capacitance technique) to back out the inevitable piezo and thermal drifts which 
would be manifest for measurements performed over periods longer than a few seconds. 
The two techniques can be used to complement one another, forming a powerful tool 
to investigate surfactant adsorption and surface forces in colloidal systems. The role of the 
SF A would be to provide information on the charging at the surf ace, the thickness and 
orientation of the adsorbed layer and the interaction between surfaces under ideal conditions. 
This information could then be used to deconvolute the more complicated information gained 
from the AFM measurements on actual colloidal particles. 
For the first time these two techniques have been used together in this work to obtain 
the details both of the nature of adsorbed surfactant aggregates and how they modify the 
interaction between the surfaces on which they are adsorbed. The adsorption behaviour of 
polyoxyethylene nonionic surfactants is very sensitive to the nature of the surface. For a 
smooth "inert" surface such as mica, adsorption is very weak and can only be detected by 
secondary effects, such as a reduction in surface potential and in secondary hydration forces. 
On surfaces treated with a water plasma, which possess the capacity to hydrogen bond while 
retaining the original smoothness of the mica, a surface induced phase change occurs just 
above the cmc when the surfaces approach, indicating that significant adsorption occurs. 
Direct evidence for adsorption below the cmc is only observed for true silica surfaces which 
are comparatively much rougher, in addition to having the capacity to hydrogen bond through 
their silanol groups. 
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The adsorption of surfactant in the dodecylamine/dodecylammonium system has been 
shown to be a function dramatically dependent on the pH. When charged species alone are 
present in solution, adsorption is only to the extent of one molecule per negative site. 
However, as the concentration of the uncharged molecules increases, more surfactant is 
incorporated into a near-perfect monolayer which then makes the transition to a classical 
bilayer. For this surfactant system the molecules are able to aggregate into essentially infinite 
bilayer sheets on a flat surface, driven by the mechanism of hydrophobic association. In 
contrast, the surface forces measured in solutions of a cage surfactant indicate a completely 
different adsorption behaviour. Only a thin layer of surfactant is observed, even at the cmc, 
corresponding to the headgroups lying down on the surface. It is concluded that the 
geometry of the molecule requires a highly curved structure for aggregation to occur and so, 
on a smooth mica surface, the surfactant forms only a sparse monolayer and is unable to form 
a bilayer even at the cmc. 
The controversy in the literature about the nature of adsorbed surfactant aggregates 
serves to indic_ate the difficulty of obtaining reliable experimental data in this area. It is 
shown here that, although a difficult technique, the combination of the surface force 
apparatus and the atomic force microscope provides a wealth of information about the 
interaction between colloidal particles in surfactant solutions and the nature of the surface 
aggregates formed. 
